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ABSTRACT 
Cytochrome £ oxidase contains four metal centers, two heme irons 
and two copper centers. The two low-potential centers, CuA and 
cytochrome ~· function in the transfer of electrons from cytochrome £ 
to the oxygen binding site within cytochrome oxidase. Although almost 
nothing is currently known about the mechanism of proton pumping in 
cytochrome oxidase, it is very likely that at least one of these 
low-potential metal centers is directly involved in the translocation 
of protons across the inner mitochondrial membrane. Essential to a 
complete understanding of the mechanisms of electron transfer and 
proton pumping in cytochrome oxidase is a knowledge of the structures 
of the involved metal centers. 
In this work, the spectroscopic tool of electron nuclear double 
resonance (ENDOR) is used in conjunction with the direct incorporation 
of isotopically substituted amino acids into the yeast protein to 
determine the identities of ligands to CuA and cytochrome ~ in 
cytochrome oxidase. For cytochrome A• the incorporation of 
[1,3-15 N2 ]histidine into the yeast protein results in the appearance 
of an ENDOR signal associated with hyperfine coupling to the histidine 
ring 15 N, thereby unambiguously identifying histidine as an axial 
ligand to cytochrome ~· Comparison of this result with similar 
results in the native and 15N-substituted bis-imidazole model 
compounds metmyoglobin-imidazole and bis-imidazole tetraphenyl 
porphyrin, provides strong evidence that cytochrome ~ is coordinated 
by two axial histidine ligands. 
Similar studies on the effect of the incorporation of 
[1,3-15 N2 ]histidine into yeast cytochrome oxidase demonstrate that histidine 
is a ligand to CuA. The incorporation of [~.~- 2H 2 ]cysteine into the 
protein reveals that the two strongly coupled protons previously 
observed in the ENDOR spectrum of CuA (H. L. Van Camp, et al. (1978) 
Biochim. Biophys. Acta 537, 238) can be assigned to the methylene 
protons on cysteine, proving conclusively that cysteine is a ligand to 
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[~-13 C]cysteine-substituted protein. These results, combined with the 
resolution in the native enzyme of a new hyperfine coupling to a 
third strongly coupled proton for CuA• provide strong evidence for 
the coordination of two cysteine ligands to CuA. 
Armed with the identification of one histidine and two cysteine 
ligands to CuA• we present a model for the physical and electronic 
structure of the oxidized CuA center. This model is characterized by 
the delocalization of a substantial amount of unpaired spin density 
away from the copper atom and into an orbital between the two cysteine 
sulfur ligands. This model satisfactorily explains many of the 
unusual spectroscopic features of CuA and should prove to be of use in 
future studies of the nature of the CuA site. 
With the positive identification of ligands to cytochrome A and 
CuA• we have analyzed the available protein sequence data for the 
subunits of cytochrome oxidase from a wide variety of organisms, and 
are able to reach some conclusions regarding the physical location of 
these metal centers in the subunit structure of the protein. The 
cysteine ligand(s) to CuA most certainly derive from the two conserved 
cysteine residues in subunit II. Furthermore, it is predicted that 
all of the metal centers in cytochrome oxidase cannot be located in 
subunit II, and are quite likely shared with subunit I. Finally, we 
present a model for the protein coordination of CuA in which the two 
cysteine sulfur ligands to CuA originate in two cysteine residues 
which are physically adjacent on the face of an a-helix in subunit II. 
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Cytochrome ~ oxidase catalyzes the four-electron reduction of 
molecular oxygen to water in the final step of cellular respiration in 
all higher forms of life. When cytochrome ~ oxidase (also known as 
cytochrome ~3 ) was first discovered over 40 years ago, little was 
understood about the active sites within the protein (1). Although 
the involvement of iron in oxygen reduction (2) was determined as 
early as 10 years prior to the discovery of cytochrome oxidase, it was 
only within the last 20 years that the direct involvement of copper 
was shown (3). It is now well known that the functioning enzyme 
contains four metal centers, two heme iron groups and two copper 
centers (4,5). The oxygen binding site is made up of one heme iron 
(cytochrome A3 > and one of the copper atoms (CuB). Together these two 
metals form an exchange coupled EPR-silent site in the oxidized 
protein. The other two metal centers, cytochrome A and CuA• function 
in the transfer of electrons from the external electron donor 
cytochrome ~ to the oxygen binding site within cytochrome oxidase. 
These two metal centers may also be involved in the recently demon-
strated (6,7) proton pumping function of the enzyme. 
The electrons necessary for the reduction of dioxygen are 
accepted from the small, water soluble protein cytochrome ~· This 
protein can carry only one electron at a time, so that the complete 
reaction is given by 
(1) 4 cytochrome ~+2 + o~ +3 4 cytochrome ~ 
The electrons enter cytochrome oxidase from the cytosolic (outward) 
side of the mitochondrial membrane, while the protons are consumed 
from the mitochondrial matrix (inside). In addition, at least four 
protons are translocated across the mitochondrial membrane from the 
matrix to the cytosol. Both the consumption of protons from the 
inside and the pumping of protons across the membrane contribute to 
the electrochemical membrane potential essential to energy conser-
- 3 -
vation in cellular respiration. The energy required by cytochrome 
oxidase to pump protons against a potential gradient arises from the 
difference in reduction potentials between cytochrome £+2 and dioxygen. 
At physiological substrate concentrations. this difference has been 
estimated to be 460 mV, or about 21 kcal per 2 electrons transferred 
(6). The energy available from this reaction is sufficient to drive 
the translocation of protons against a potential gradient. However. 
almost nothing is known about the mechanism by which cytochrome 
oxidase couples this source of potential energy to the physical 
translocation of protons across the membrane. 
Cytochrome oxidase generally exists as a dimer and is known to 
span the inner mitochondrial membrane in an asymmetric fashion. 
Electron microscopy imaging studies have yielded a crude picture of 
the enzyme as it sits in the membrane (8). This transmembranous 
orientation, shown in Fig. 1, is essential to the above energy 
conservation; however, little is known about the location of the metal 
centers within this structure or what roles any of them might play in 
proton .pumping. In fact, little experimental evidence exists to 
directly implicate any one of the four metal centers in proton pumping 
by cytochrome oxidase. 
An important first step in the understanding of the mechanisms of 
both dioxygen reduction and proton pumping in cytochrome oxidase is 
the determination of the coordination structure and the electronic 
properties of each of the four metal centers. As mentioned previously. 
the two iron centers are known to exist in the protein as heme iron. 
Of these, only cytochrome ~3 (at the oxygen binding site) can bind 
externally added ligands. For some time people have studied the 
oxygen binding site and have determined the effect of the addition of 
various exogenous ligands on its spectroscopic properties (9,10). In 
particular, electron paramagnetic resonance (EPR) spectroscopy has 
been used to measure hyperfine couplings between ligand nuclei and the 
unpaired spin at the site. Isotopic substitution of specific atomic 
constituents in an externally added ligand molecule. and the measurement 
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Figure 1 
The physical structure and orientation of a cytochrome £ oxidase dimer 
embedded in the mitochondrial inner membrane as determined by electron 












(by EPR spectroscopy) of the resulting changes in the hyperfine 
couplings, has allowed the unambiguous determination of ligand binding 
to the metal center (11). Recently, the axial protein (endogenous) 
coordination of the oxygen binding site iron, cytochrome ~3 • was 
determined via the effect of the specific incorporation of isotopi-
cally substituted histidine into the protein on the EPR spectrum of 
cytochrome ~3 (12). This constitutes the first positive identi-
fication of an amino acid ligand to any of the metal centers in 
cytochrome oxidase. 
The observation of changes in ligand hyperfine interactions 
following the substitution of specific nuclear isotopes in the 
coordinating ligands of paramagnetic metal centers is a simple yet 
powerful method of determining the coordination environment of the 
metal sites. EPR spectroscopy, in particular, allows one to measure 
changes at a particular metal center, even in complex metalloproteins 
such as cytochrome oxidase. However, many hyperfine couplings are too 
small (relative to EPR linewidths) to be resolvable by EPR and other 
techniques are required to measure them. Prominent among these 
techniques is electron nuclear double resonance (ENDOR) spectroscopy 
which combines the sensitivity and selectivity of EPR spectroscopy 
with the narrow linewidths of nuclear magnetic resonance (NMR) 
spectroscopy (13,14). In the ENDOR experiment one monitors a 
partially saturated EPR transition while sweeping the radio frequency 
field over a frequency range corresponding to the energy of NMR 
transitions. When the NMR transition of an interacting nucleus is 
induced, more energy states are accessible to the EPR transition and 
the saturation is partially relieved. This manifests itself in an 
increased EPR absorption. The technique of ENDOR spectroscopy is 
quite specific in that one monitors only the nuclear transitions of 
atoms which interact directly (through hyperfine coupling) with the 
particular paramagnetic center being studied. The resultant ENDOR 
signal observed is that of the EPR transition being monitored, but the 
linewidth of the signal is the small linewidth characteristic of the 
- 7 -
NMR transition. Hence ENDOR is particularly useful in detecting small 
hyperfine couplings in systems with relatively large EPR linewidths. 
The determination of hyperfine couplings in metal centers within 
a protein provides some information on the number and type of ligand 
nuclei at the site. For example. ENDOR studies of CuA in oxidized 
cytochrome oxidase have previously determined the involvement of two 
protons and one nitrogen in the coordination environment of the CuA 
center (15). Unfortunately. the chemical identity of the involved 
ligands cannot be determined from these data alone. 
We have recently developed a system for the direct incorporation 
into the yeast protein of amino acids which are specifically substi-
tuted with non-naturally abundant nuclear isotopes (16). Yeast 
strains which are auxotrophic for a particular amino acid are grown in 
a medium containing that amino acid synthesized with specific isotopic 
substituents. The yeast then incorporates the substituted amino acid 
into all of its proteins. and cytochrome oxidase containing this 
isotopic substitution may then be isolated from the yeast. The 
substituted protein is unperturbed with respect to structure and 
activity; however. as discussed above. the resultant change in the 
hyperfine couplings to the metal centers may be measured by EPR and/or 
ENDOR spectroscopies. 
In this thesis. we utilize the techniques of ENDOR spectroscopy 
and isotopic substitution to uniquely identify amino acids coordinated 
to two of the metal centers in cytochrome oxidase. From the strengths 
of the observed hyperfine couplings we can draw conclusions about the 
overall structures and electronic distributions at the metal sites. 
Moreover. the identification of amino acid ligands to the metal 
centers can be used. along with comparison of evolutionary sequence 
conservation data for cytochrome oxidase. to provide some information 
on the probable locations of the metal centers in the primary sequence 
of the protein. From these data. models for both the physical and 
electronic structure of CuA are presented which explain many of the 
unique spectroscopic features of CuA. The information presented here 
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regarding the structures of CuA and cytochrome A will no doubt be of 
great utility in the further study of the mechanisms by which 
cytochrome ~ oxidase carries out its unique biochemical functions. 
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INTRODUCTION 
The spectroscopic properties of CuA in oxidized cytochrome £ 
oxidase have long been considered unusual for an isolated Cu(II} 
center. The copper hyperfine interactions are quite small and 
isotropic and the largest component"of the copper hyperfine does not 
coincide with the largest g-value (1}. Furthermore. the low-field 
g-value of oxidized CuA is smaller than that found in more typical 
Cu(II} complexes and the high-field g-value is below that of the free 
electron (2,3}. X-ray edge absorption studies have shown that the 
electronic distribution at copper changes little upon change in 
oxidation state; in fact. the copper edge in the oxidized protein 
appears to reflect either a very covalent Cu(II} or a copper which is 
formally Cu(I} (4). These and other data have prompted a proposal 
that the unpaired spin resides primarily on an associated (cysteine} 
sulfur ligand and that the copper in oxidized CuA is formally Cu(I} 
(5-7}. 
CuA also shows an intense (e = 3000 M-1 cm-1 } optical absorption 
band at 830 nm. For this reason· it has sometimes been compared to the 
blue copper proteins which are characterized by the presence of a 
ligand (cysteine sulfur} to metal charge transfer band near 600 nm 
(8}. These copper centers, whose sole function appears to be 
electron transfer, contain a single cysteine ligand and two histidine 
ligands in a very distorted tetrahedral environment. The coordination 
geometry is midway between the square planar geometry found in normal, 
or Type 2, oxidized copper centers and the tetrahedral environment 
preferred by reduced copper centers. It is known that the physical 
coordination sphere in the blue coppers changes little upon reduction 
of Cu(II} to Cu(I}, thereby minimizing the rearrangement energy 
associated with electron transfer (9}. The covalency conferred by the 
ligation of a nsoftn cysteine sulfur results in the blue copper 
centers' having a fairly small copper hyperfine coupling, ranging from 
- 12 -
35-80 G (10). This copper hyperfine coupling is somewhat larger than 
that observed for CuA (1), but is less than the couplings typically 
observed in Type 2 copper centers. 
Although some of the spectroscopic properties of CuA appear 
similar to those of the blue coppers, many spectroscopic features of 
CuA are quite different from those of the blue copper centers. As 
will be discussed later in this chapter. the linear electric field 
effect (LEFE) and magnetic circular dichroism (MCD) data of CuA are 
particularly unusual. The differences in structure and chemical 
properties of CuA versus the blue coppers may reflect a difference in 
function between the two types of copper centers. 
The proposal that the unpaired electron in CuA resides primarily 
on a Cys sulfur radical (5,6) has gained considerable support from 
the observation of nuclear hyperfine interactions from two strongly 
coupled protons in the electron nuclear double resonance (ENDOR) 
spectrum of oxidized CuA (11). It has been proposed that these two 
protons are the protons on methylene carbon adjacent to the sulfur of 
the aforementioned cysteine radical. This would be in agreement with 
a significant localization of unpaired spin on sulfur. Furthermore, 
the ENDOR spectrum of CuA shows a moderately weak hyperfine coupling 
to a nitrogen nucleus. This coupling is about one-half as strong as 
that observed for the coupling of a histidine nitrogen nucleus in the 
blue coppers (12). The unusually small nitrogen hyperfine coupling 
in CuA might be expected if it involves spin polarization from 
unpaired spin centered primarily on a sulfur radical, mediated by 
orbitals on the copper. Both of these assignments have remained 
untested, however, since the ENDOR spectrum yields only the identity 
of the coupled nucleus and contains no information regarding its 
molecular origin. 
We have recently developed a system for the incorporation of 
isotopically substituted amino acids into cytochrome oxidase and have 
used this system to identify ligands to several of the metal centers 
in the protein (13,14). This technique allows the unambiguous 
- 13 -
assignment of an observed nuclear hyperfine interaction to a partic-
ular amino acid type. We present here results proving the coordi-
nation of one histidine and at least one cysteine as ligands to CuA. 
Evidence is also presented which strongly implicates a second 
cysteine ligand in the coordination of this site. In the light of 
these results, we present a model for the CuA center which explains 
many of the unusual spectroscopic features of this unique copper 
center. 
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MATERIALS AND METHODS 
Chemicals used in the protein purifications were of enzyme grade 
when available; otherwise they were reagent grade. Amino acids and 
antibiotics were the highest grades available from Sigma. Ammonium 
sulfate in the growth medium was reagent grade from Baker. Vitamins 
and media for selection and crossing of yeast strains were obtained 
from Difco. The [1,3-15 N~]histidine used for yeast growth was 95% 15 N 
in both histidine ring positions and was obtained from Veb Berlin-
Chemie, Berlin-Aldershof. The [~-13 C]cysteine was 95% 13 C and was 
obtained from Cambridge Isotopes. Boston. 
Preparation and Characterization of Yeast Strains 
Wild Type Strain. The wild type Saccharomyces cerevisiae 
haploid strain D273-10B (mating type a) was used in the growth of 
yeast for the isolation of unsubstituted (native) protein. This 
strain has been shown to respire efficiently on the non-repressive 
carbon source galactose (ie •• it contains the GAL+ trait) and 
produces good quantities of mitochondria. 
Histidine Auxotrophs. For the preparation of the [ 15 N]His-
substituted protein. the ~. cerevisiae auxotroph haploid strains 
designated SS328 (a ura3-52. GAL. SUC2. ahis 3, D200, lys2-801°, 
ade2-101°) and SS330 (a ura3-52, GAL. SUC2, ahis 3, D200, tyrl. 
ade2-101°) were obtained from Drs. Stu Scherer and Carl Parker 
(Caltech). These two haploid strains were crossed just before use so 
that subsequent growth was predominantly in the diploid form. These 
strains were found to be ideally suited for the preparation of 
[ 15 N]His-substituted protein in that the histidine mutation in these 
strains is a gene deletion rather than a single base substitution; 
consequently. revertant levels were always well below the detection 
- 15 -
limit (less than 0.001%). The large-scale growth of yeast cells was 
as previously described (14), except that, in place of unsubstituted 
histidine, 4.0 g of DL-[1,3-15 Nz]histidine•HC1 were added to the 
media to prepare the substituted protein. 
Cysteine Auxotrophs. The cysteine auxotroph yeast strain used 
in the preparation of (ZH]Cys-substituted cytochrome oxidase has been 
described previously (14). In an attempt to improve the yield for 
the growth of [ 13 C]Cys-substituted protein, a new cysteine auxotroph 
strain was prepared. The ~ cerevisiae cysteine auxotroph haploid 
strain JW1-2C (a Cys2-1a, CUPl) (15) was obtained from the Yeast 
Genetic Stock Center, Berkeley, California. This strain is unable to 
utilize galactose as a carbon source (ie., it is GAL-) and is 
therefore unsuitable for the respiratory growth of yeast. 
To correct this respiratory deficiency, the JW1-2C strain was 
crossed with the wild type D273-10B strain according to standard 
procedures (16). The flow chart in Fig. 1 outlines the steps taken 
to isolate a GAL+, Cys- strain from a cross of the above haploid 
strains. Since the D273-10B strain contains no simple marker to allow 
its selective removal in later steps, a large excess of JW1-2C cells 
was crossed with a small amount of D273-10B cells and allowed to grow 
on standard rich (YEPD) medium for 1 day. These were then replica 
plated onto minimal medium containing galactose as the sugar and 
incubated for 1 day. This served the purpose of removing any 
remaining JW1-2C haploids. At this point, only crossed diploids and a 
small amount of D273-10B haploids remained. These were then plated 
onto nitrogen-poor medium and allowed to sporulate for 2 days, thereby 
producing ascospores containing four haploid crosses encased in an 
ascus. These ascospores were then treated with the digestive enzyme 
glusulase to remove the ascus and sonicated to separate the spores. 
Brief treatment with ether killed any remaining diploids. At this 
step, the only remaining cells were crossed haploids and a small 
amount of the original D273-10B haploids. The final selection for the 
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Figure 1 
Flow chart describing the crossing of two different haploid yeast 
strains: wild type D273-10B (mating type a) contains the GAL+ trait 
and the mutant strain JW1-2C (mating type a) contains the Cys- trait. 
The resultant cross contains the desired traits from each of the two 
+ -starting strains; ie •• it is a GAL. Cys cysteine auxotroph. 
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desired GAL+, Cys- cross was achieved by plating onto minimal 
(galactose) medium supplemented with cysteine and allowing the cells 
to grow for 2 days. These plates containing single colonies, each 
derived from a single cell, were then replica plated to minimal 
(galactose) medium with and without added cysteine. After 2 days, 
colonies were selected that grew well on media with cysteine but not 
on the media lacking added cysteine. The resultant GAL+, Cys-
haploid yeast strains were then checked for growth on petite medium to 
determine respiration sufficiency (to insure favorable production of 
mitochondria). Strains were then stored according to standard 
procedures and were routinely rechecked for reversion. The strain 
designated CY1-2-1 showed a low rate of reversion and was used in this 
study for the large-scale growth of [ 13 C]Cys-substituted yeast. 
Large Scale Growth of Yeast 
The growth of cells for the isolation of [~H]Cys-substituted 
protein was carried out in a 360 liter fermentor, and has been 
described previously (17). The yeast cysteine auxotrophs for the 
growth of [ 13 C]Cys-substituted protein were grown as described 
previously (14), except that the media contained the following 
specifically added amino acids: 5 g each of His, Ser, Met, Thr, Trp, 
Tyr, Phe, Asn, Glu, Arg; 20 g of Gly; 50 g of Lys; and 4.0 g of 
DL-[~-13 C]cysteine'HC1 (95% 1 3 C). Cells were allowed to grow to a 
density of 5.5 x 10 7 cells/ml at which time the revertant level was 
measured and found to be less than 0.001%. 
The large scale growth of [ 15 N]His-substituted yeast cells was 
similar to that of the [ 13 C]Cys-substituted cells, except that 5 g of 
Cys were added and unsubstituted His was absent. Also added were 25 g 
each of adenine sulfate and uracil. The medium contained 4.0 g of 
DL-[1,3-15 N~]histidine'HC1 (95% 15 N at both imidazole ring positions). 
Cells were allowed to grow to a density of 2.9 x 10 7 cells/ml. At 
harvest, the cell density of revertants was below the level of 
detection (0.001%). 
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Preparation of Protein 
Yeast mitochondria were isolated according to the procedure of 
George-Nascimento et al. (18), except that the buffer used during the 
Dyno-Mill cell disruption was 0.4 M in sucrose. This procedure 
resulted in the breakage of at least 80% of the yeast cells. Yeast 
cytochrome oxidase was isolated from the mitochondria and purified as 
described previously (14). The final protein was suspended in 0.5% 
Tween 20, 20 mM Tris, pH 7.4. Protein concentration was typically 
0.1 mM in 0.2 to 0.3 ml sample volumes. 
Cytochrome oxidase from beef heart was prepared by the method of 
Yu et al. (19), and was suspended in 0.5% cholate, 50 mM potassium 
phosphate, pH 7.4. In one experiment, beef heart protein was prepared 
by the method of Hartzell and Beinert (20). The beef heart protein 
was 0.1-0.3 mM in cytochrome oxidase, and was suspended in 0.5% Tween 
20, SO mM Tris, pH 7.4. Sample volumes were 0.3 mls for the Hartzell 
preparation, but 1.5 mls for that prepared according to Yu et al. 
Spectroscopic Techniques 
NMR Spectroscopy. The 1 H NMR spectra of unsubstituted cysteine 
and [ 13 C]cysteine were recorded on a Bruker WMSOO NMR spectrometer at 
the Southern California Regional NMR Facility. Spectra were recorded 
using D2o as an internal lock. No spin decoupling was used. 
EPR Spectroscopy. EPR spectra were recorded on a Varian E-Line 
Century Series X-band spectrometer equipped with an Air Products 
Heli-Trans low temperature controller. Data were collected and stored 
on a PDP8/A (Digital Equipment Corp.) microcomputer interfaced to the 
spectrometer. Instrumental conditions are given in the figures. The 
microwave power was always maintained below the level of saturation 
for the CuA signal (and therefore also below that for cytochrome~). 
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ENDOR Spectroscopy. ENDOR spectra were recorded at the State 
University of New York at Albany in collaboration with Prof. Charles 
P. Scholes, as described previously (11). Specific conditions are 
given in the legends to the figures. Although the sample tubes were 
designed to hold 1.5 mls of solution, samples were generally ca. 0.3 
mls in volume and were placed in smaller quartz tubes mounted concen-
trically inside the larger ENDOR tube. This served to keep the sample 
near the maximum in the microwave field and resulted in an optimal 
cavity filling factor. 
It is important to point out that in order to obtain optimal 
signal intensities, spectra were recorded under conditions of rapid 
passage (21) so that the signals appear shifted somewhat in the 
direction of the sweep from their true positions. To measure the true 
positions of ENDOR signals, two spectra were recorded under identical 
conditions, but in opposite sweep directions. The true peak position 
was then estimated as the average of the positions in these two 
sweeps. 
NMESE Spectroscopy. NMESE spectra were recorded at the 
University of Southern California in collaboration with Prof. Larry 
Dalton, on a spectrometer described previously (22). The two-pulse 
spin echoes (23) were obtained using microwave pulses of 20 and 40 
nanosecond pulsewidths, respectively. The delay time (~) between 
pulses (and before data aquisition) was varied from 200 nanoseconds in 
10 nanosecond intervals up to 2 microseconds. The data were analyzed 
using the maximum entropy method of resolution enhancement (24) 
followed by an apodization method of Fourier transform to convert to 
the frequency domain (25). 
- 21 -
RESULTS 
Characterization of Labeled Amino Acids 
[ 15 N]Histidine. To verify the extent of 15 N substitution in 
the [1,3- 15 N3 ]histidine, the natural abundance 13 C NMR spectrum was 
recorded prior to the growth of the substituted yeast. The proton 
decoupled spectrum, part of which is shown in Fig. 2, shows clearly 
the incorporation of 15 N into the amino acid. The triplet centered at 
32.2 ppm is assigned to the single imidazole ring carbon (6-C) 
situated between the two substituted nitrogens. Consequently, in the 
proton decoupled spectrum, this 13 C resonance is split only by the two 
( 15 N) nitrogens. The two nitrogens have the same spin-spin couplings 
to the (6-C) carbon so that the resultant NMR signal for this carbon 
is a (1:2:1) triplet (assuming 100% 15 N substitution). Integration of 
the peaks within the triplet confirms greater than 95% incorporation 
of 15 N at both imidazole ring nitrogen positions. 
[ 3 H]Cysteine. The [~.~-3H 3 ]cysteine used in the growth of 
[ 3 H]Cys-substituted yeast has been characterized previously (17). To 
verify the extent of substitution at the methylene carbon (~-CH 2 ) 
position, the natural abundance 13 C NMR spectrum of the [ 2H2 ]cysteine 
was recorded. Analysis of the proton couplings to the methylene 
carbon confirmed greater than 90% substitution of the methylene 
protons by deuterium. 
[ 13 C]Cysteine. In order to confirm the extent of 13 C substi-
tution in [~-13 C]cysteine, the 1 H NMR spectrum of the methylene 
protons was examined. The 500 MHz 1 H NMR spectra of native 
cysteine"HCl and [~-13 C]cysteine in n2o are compared in Fig. 3. 
The signal centered at 3.02 ppm in the spectrum of cysteine"HCl 
corresponds to the methylene protons. Since the methylene carbon is 
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Figure 2 
13 C NMR spectrum of 500 mM [1,3-15 Nz]histidine in n2o. Conditions: 
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attached to an asymmetric center (the a-carbon), the two methylene 
protons are magnetically inequivalent, and in fact show slightly 
different chemical shifts at this field. Due to this chemical shift 
inequivalence, the two protons further split each other into two sets 
of doublets. Finally, they are each split by the single proton 
attached to the a-carbon, resulting in the multiplet shown in Fig. 
3A. The spectrum of [~-13 C]cysteine (Fig. 3B) clearly shows a 
splitting (J = 145 Hz) of this multiplet into two sets by the enriched 
13 C (note that since the samples were dissolved in n2o without pH 
adjustment; the chemical shift corresponding to the center of the 1 H 
signals is slightly different in cysteine and cysteine•HCl) . 
Integration of the signals in the spectrum of the substituted sample 
verifies greater than 95% enrichment of 13 C at the methylene carbon. 
EPR Spectral Comparisons of Native and Substituted Yeast Proteins 
The EPR spectrum of CuA in [JH]Cys-substituted yeast cytochrome 
oxidase has been published previously (14). The spectrum of CuA in 
this preparation showed some narrowing in linewidth relative to that 
in the unsubstituted yeast protein, suggesting a decrease in 
unresolved hyperfine couplings in the substituted protein. This was 
assumed to be due to the disappearance of hyperfine coupling to the 
methylene protons of cysteine. In other respects, the spectrum was 
quite similar to that of the native yeast protein. 
The EPR spectra of oxidized CuA in cytochrome oxidase isolated 
from wild type yeast and yeast substituted with [ 13 C]Cys and [ 15 N]His 
are compared in Fig. 4. The three spectra display no significant 
differences, and are all quite similar to the spectrum of oxidized CuA 
from the beef heart protein (not shown). The spectra of the 
substituted proteins demonstrate that incorporation of [ 13 C]Cys and 
[ 15 N]His into the CuA site results in no large change (greater than 
about 30 MHz) in the hyperfine couplings to CuA. 
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Figure 4 
EPR spectra of CuA in (A) native, (B) [ 13 C]Cys-substituted, and (C) 
[ 15 N]His-substituted yeast cytochrome oxidase. Conditions: 
temperature, 15 K; microwave power, 10 microwatts; field modulation, 
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Comparison of ENDOR Spectra of CuA in Native and Substituted Proteins 
ENDOR spectroscopy is much better suited to the measuring of 
small hyperfine couplings than is EPR spectroscopy. In order to 
resolve small changes in hyperfine couplings resulting from the 
incorporation of isotopically substituted amino acids into the 
coordination sphere of CuA, we now examine the ENDOR spectra of CuA 
in the native and isotopically substituted yeast proteins. 
Unsubstituted Yeast Cytochrome Oxidase. The ENDOR spectrum of 
CuA in native yeast cytochrome oxidase is shown in Fig. 5. By analogy 
to the previously characterized ENDOR spectrum of CuA in beef heart 
cytochrome oxidase (11), we briefly point out the important spectral 
in this region. At low frequency, the two signals observed at 8.9 and 
6.9 MHz have been assigned to a non-proton nucleus (most likely 
nitrogen). This was shown for the beef heart protein by the effect of 
a change in the microwave resonant frequency (and therefore resonant 
field position for the same g-value). Due to the uniquely large 
magnetic moment of the proton, a change in magnetic field strength 
affects the positions of signals due to protons much more than it 
affects other nuclei (see later in this section). 
The symmetrical signals centered at 13 MHz in the ENDOR spectrum 
of the native protein arise from unresolved weakly coupled protons 
(each proton contributes two signals centered about the nuclear Zeeman 
frequency- in this case, ( 1 H) = 13.5 MHz). The two large resolved 
signals in the 18-24 MHz region of the spectrum have been assigned 
(from the field dependence of proton ENDOR signals) to two strongly 
coupled protons. 
[ 15 N]His-Substituted Cytochrome Oxidase. In order to determine 
whether the ENDOR signals observed near 8 MHz in the native protein 
arise from coupling to a histidine nitrogen, we prepared cytochrome 
oxidase in which 15 N was substituted for (naturally abundant} 14 N at 
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Figure S 
ENDOR spectrum of CuA (observed at g = 2.04) in native yeast 
cytochrome oxidase. Conditions: temperature, 2.1 K; microwave power, 
10 microwatts; microwave frequency, 9.03 GHz; field modulation, 4.0 G; 


































both histidine ring nitrogen positions. Comparison of the [ 15N]His 
and native protein ENDOR spectra (Fig. 6), reveals that the intensities 
of the 14N ENDOR signals at 7 and 9 MHz are substantially reduced in 
the spectrum of the [ 15 N]His protein relative to that of the native 
protein. Due to the difference in the nuclear magnetic moments 
between the two nitrogen isotopes, substitution of the 14N nucleus by 
15N would replace the 1•N ENDOR signals at 7 and 9 MHz by 15N ENDOR 
signals at 10 and 13 MHz, respectively. We do, in fact, observe 
increased intensity in the weakly coupled proton region of the ENDOR 
spectrum for the [ 15 N]His protein, consistent with the appearance of 
new resonances at 10 and 13 MHz. From these observations, it is clear 
that there is at least one histidine ligand to CuA in cytochrome ~ 
oxidase. 
The spectra reported in Fig. 6 also allow us to determine whether 
there exist any new signals attributable to histidine nitrogen which 
have not been previously resolved. Digital subtraction of the two 
spectra, shown in Fig. 6C, verifies the decrease in the [ 14N]His 
nitrogen signals at 7 and 9 MHz and the appearance of new signals near 
12 MHz. The rest of the spectrum from 31-1 MHz, however, shows no 
substantial differences between the native and [ 15N]His-substituted 
proteins, particularly in the region of 18-24 MHz where the large 
proton signals might preclude direct resolution of smaller signals. 
[ 3 H]Cys-Substituted Cytochrome Oxidase. To test the hypothesis 
that the strongly coupled protons observed in ENDOR spectra of the 
native protein arise from hyperfine interactions with the methylene 
protons on one or more cysteine ligands to CuA• we compare in Fig. 7 
the ENDOR spectra of CuA in [ 3 H]Cys-substituted and native cytochrome 
oxidase. The [ 3 H]Cys-substituted protein sample was particularly 
dilute and therefore required considerable signal averaging and 
optimization of aquisition parameters in order to obtain the best 
possible ratio of signal to noise. To show that the changes observed 
between the samples are not due to anomalous effects of the field 
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Figure 6 
ENDOR spectra of CuA (observed at g = 2.04) in (A) native and 
(B) [ 15 N]His-substituted yeast cytochrome oxidase. The difference 
spectrum (A-B) is shown below. Conditions: temperature, 2.1 K; 
microwave power, 10 microwatts; microwave frequency, (A) 9.03 GHz and 
(B) 9.08 GHz; field modulation, 4.0 G; sweep rate, 5.2 MHz/sec; 
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modulation under the conditions of rapid passage used in these 
experiments. two different field modulation amplitudes were used 
(compare Figs. 7A and 7B). Comparison of the ENDOR spectra of native 
and [~H]Cys-substituted CuA reveals a significant change in the 18-24 
MHz region of the spectrum of the [~H]Cys sample. which is independent 
of field modulation amplitude. As approximate indicators of intensity 
for changes in this region. we have used internal .comparisons with the 
14 N ENDOR resonance at 9 MHz and with the weakly coupled proton ENDOR 
resonances near 14 MHz. Both methods indicate that the intensity of 
the signals in the 18-24 MHz region decreases by more than 50% on 
substitution of [~H]Cys for native cysteine in the yeast protein. 
The apparent incomplete disappearance of signals in this region 
may be due to the presence of non-deuterated cysteine in the protein. 
This could occur either by the incorporation of native cysteine into 
the yeast protein by revertant yeast strains. or by some (unknown) 
enzymatically catalyzed proton exchange process. The important result 
for this study is that some cysteine has been substituted. The large 
decrease in intensity in the 18-24 MHz region of the ENDOR spectrum of 
the ~H-substituted protein verifies successful incorporation of 
[ 2H]Cys into the protein. One might expect to observe the appearance 
of ~ ENDOR signals associated with the (I=1) deuterium nucleus. 
Unfortunately. the small deuteron nuclear magnetic moment precludes 
direct observation of the deuterium ENDOR. which is predicted to 
appear in the 1-3 MHz region of the spectrum. In any case. these 
ENDOR results together with the EPR data reported previously 
(14.17). demonstrate unambiguously that there is at least one 
cysteine lig~nd associated with CuA. 
In order to ascertain whether there are weaker proton hyperfine 
interactions from cysteines associated with CuA• we have compared in 
Fig. 8 the ENDOR spectra of CuA in native and [ 2H]Cys-substituted 
cytochrome oxidase in the region of the weakly coupled protons. 
Although the signal to noise does not allow us to completely rule out 
spectral changes in this region. it appears that there are no 
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Figure 7 
ENDOR spectra of CuA (observed at g = 2.04) in native and [ 2 H]Cys-
substituted yeast cytochrome oxidase observed at two different field 
modulations: A, 4.0 G; B, 6.4 G. Other conditions: temperature, 2.1 
K; microwave power, 10 microwatts; microwave frequency, 9.12 GHz; 
sweep rate, 3.1 MHz/sec. The instrumental time constants for the 
native and [ 2H]Cys samples were 0.05 and 0.15 sec, respectively; and 





















ENDOR spectra showing the weakly coupled proton region of CuA 
(observed at g = 2.00) in native and [~H]Cys yeast cytochrome oxidase. 
Conditions: temperature, 2.1 K; microwave power, 10 microwatts; 
microwave frequency, 9.12 GHz; field modulation, 0.5 G; sweep rate, 
0.4 MHz/sec; instrumental time constants were 0.05 and 0.10 sec for 














significant differences in this region between the spectra of the 
native and [ 2 H]Cys-substituted proteins. 
[ 11 C]Cys-Substituted Cytochrome Oxidase. To confirm the 
identification of cysteine as a ligand to CuA and to attempt to 
determine whether there are more than one cysteine sulfurs coordinated 
to CuA• we prepared a sample of cytochrome oxidase incorporating 
cysteine substituted with 13 C at the methylene carbon. At frequencies 
above 7 MHz. the ENDOR spectra of oxidized CuA in the native and 
11 C-substituted yeast proteins possess no significant differences, as 
shown in Fig. 9. However careful examination of the low frequency 
region (1-10 MHz) reveals a new ENDOR signal near 5 MHz in the 
spectrum of the 13 C-substituted protein. Scanning only this region 
and optimizing ENDOR conditions for this signal, we see in Fig. 10 
that there is clearly a new signal at 5.0 MHz which is not present in 
the native protein. This signal can only be due to a coupling to 13 C 
of a cysteine ligand, and we predict a Zeeman partner for this signal 
at either 1.6 or 11.8 MHz. Examination of spectra such as those in 
Fig. 9 reveals no new features near 12 MHz. Unfortunately the 
baseline drift at frequencies below 2 MHz does not allow us to verify 
the existence of a Zeeman partner at 1.6 MHz, however this assignment 
seems most likely. Averaging narrow sweeps in both directions yields 
a true peak position of 5.2 MHz for the new signal, corresponding to a 
13 C coupling of 3.6 MHz for the cysteine methylene carbon. 
Weakly coupled 13 C hyperfine signals should occur centered at the 
13 C nuclear Zeeman frequency. Under the conditions used in Fig. 10, 
such signals will appear centered at 3.4 MHz. The lack of such 
signals in the ENDOR spectrum of the [ 13 C]Cys-substituted protein 
suggests that there are no very weakly coupled 13 C nuclei at the CuA 
site. Note, however, that since the strength of the interaction would 
be quite weak, the intensity of these signals would probably be quite 
low and hence they may not be resolved from the background noise. 
- 41 -
Figure 9 
ENDOR spectra of CuA (observed at g = 2.04) in (A) native and (B) 
[ 13 C]Cys-substituted yeast cytochrome oxidase. Conditions: 
temperature, 2.1 K; microwave power. 10 microwatts; microwave 
frequency, (A) 9.03 GHz and (B) 9.07 GHz; field modulation, 4.0 G; 





























ENDOR spectra of CuA (observed at g = 2.04) in (A) native and (B) 
[ 13 C]Cys-substituted yeast cytochrome oxidase showing the new signal 
arising from 13 C incorporation. Conditions: temperature, 2.1 K; 
microwave power, 3.2 microwatts; microwave frequency, (A) 9.03 GHz and 
(B) 9.07 GHz; field modulation, 2.0 G; sweep rate, 2.0 MHz/sec; 




















Comparison of ENDOR Spectra of CuA in the Yeast and Beef Proteins 
The ENDOR spectra of CuA from the yeast and beef heart proteins 
are qualitatively the same. although the exact magnitudes of some of 
the couplings are not identical. The assignment of previously 
reported ENDOR signals (in the beef heart protein) to specific amino 
acid ligands prompts us to reexamine the spectrum of CuA from the beef 
heart protein. The availability of larger and more concentrated beef 
heart protein samples. and improved facilities for the signal 
averaging of spectra. have allowed a substantial improvement in 
resolution over the original ENDOR data (11) . The general features 
of the new beef heart ENDOR spectrum in the 31-1 MHz region. shown in 
Fig. 11. are similar to those in the original spectrum from beef heart 
and are also similar to data reported here for the yeast protein. 
Assigned Hyperfine Couplings in CuA. The histidine nitrogen 
ENDOR signals ~t 9.5 and 7 . 6 MHz are quite well resolved in the 
spectrum of the beef heart protein. Averaging signal positions 
obtained from frequency sweeps in opposite directions (not shown). we 
obtain a nitrogen hyperfine coupling of 17.9 MHz for this 14N Zeeman 
pair. 
The two strongly coupled cysteine methylene proton signals are 
observed in the spectrum of the beef heart protein at 18.7 and 22.3 
MHz. These signals correspond to (corrected) proton hyperfine 
couplings of 11.0 and 18.6 ~mz. The spectrum in Fig. 11 also shows a 
newly resolved signal at about 4.2 MHz. Using the measured proton 
nuclear Zeeman frequency of 13 . 60 MHz. and after correcting for rapid 
passage effects (see Materials and Methods section). calculations 
predict that this signal is the Zeeman partner of the strongly coupled 
cysteine methylene proton at 22.3 MHz. Similar calculations predict 
that the partner for the strongly coupled proton at 18.7 MHz should 
appear at 8.5 MHz. This signal position is identical to that of one 
of the histidine nitrogen ENDOR transitions. so that it is not 
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Figure 11 
ENDOR spectrum of CuA (observed at g = 2.04) in beef heart cytochrome 
oxidase. Conditions: temperature, 2.1 K; microwave power, 10 micro-
watts; microwave frequency, 9.09 GHz; field modulation, 4.0 G; sweep 





































expected to be resolved. The weak intensities of these low-frequency 
proton signals relative to their partners at higher frequencies is 
predicted by the ENDOR enhancement effect (26). which states that the 
intensity of a signal within a Zeeman pair is proportional to the 
square of the resonant frequency of the transition. 
Resolution of New Signal(s) in the 18-24 MHz Region. Another 
feature not previously reported for ENDOR spectra of CuA in the beef 
heart protein is the resolution of a new signal at 19.9 MHz. This 
signal appears in Fig. 11 as a distinct peak adjacent to the proton 
resonance at 18.6 MHz. This new signal may be due to a second 
nitrogen coupling to CuA. Alternatively. this signal may arise from a 
strongly coupled proton. either from a subset of molecules possessing 
a slightly different conformation at the copper site. or from a third 
entirely new proton in close interaction with the CuA site. This last 
alternative raises the possibility of a second cysteine ligand to 
CuA with at least one strongly coupled methylene proton. 
The Issue of One Vs. Two Cysteine Ligands to CuA 
The resolution of a new strongly coupled proton signal in the 
ENDOR spectrum of CuA raises the interesting question of whether the 
signals in the 18-24 MHz region can be totally accounted for by the 
presence of only one cysteine ligand to CuA. It is quite possible 
that there are three or four distinct cysteine methylene protons 
interacting with copper to yield three or four ENDOR signals in this 
region of the spectrum. This would indicate a unique coordination for 
CuA in which two cysteine ligands are strongly coordinated to the 
copper center. We now present spectroscopic results directed at 
selecting between coordination schemes involving one or two cysteine 
ligands. 
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NMESE Study of [ 13 C]Cys-Substituted Cytochrome Oxidase. The 
sample of [ 13 C]Cys-substituted cytochrome oxidase allows us to 
investigate the possibility of a second cysteine ligand to CuA. 
Although only one new signal is resolved in the ENDOR spectrum of CuA 
in the [ 13 C]Cys-substituted protein. it is possible that smaller 
couplings to a second 13 C nucleus are not resolved by ENDOR. In 
particular. very weak interactions will have very low intensity and 
may not be discernible from the noise. In an attempt to determine the 
presence of any very weakly coordinated cysteine ligands to CuA, we 
have examined the nuclear modulation of electron spin echo (NMESE) 
spectra of native and [ 13 C]Cys-substituted yeast cytochrome oxidase. 
NMESE spectroscopy (23) is particularly useful for determining 
hyperfine couplings which are often too small to detect by ENDOR 
spectroscopy. 
The two-pulse echo decay envelopes presented in Fig. 12, compare 
the echo modulation patterns for native and 13C-substituted CuA. The 
Fourier transforms of these data, presented in Fig. 13. show that the 
modulation pattern in each spectrum is dominated by a 1 H modulation 
frequency of 13.3 MHz. This corresponds to the nuclear Zeeman 
frequency of very weakly coupled protons for this field position and 
is common in spectra of copper centers in proteins. The peak in the 
Fourier transform at 26.6 MHz is due to an overtone of this Zeeman 
resonance frequency. One significant difference between the 
13 C-substituted and native protein spectra is the presence of a 
modulation at approximately S MHz in the [ 13 C]Cys sample which is 
absent in the native sample. This new modulation must be due to a 
coupling of 13 C to the CuA center. Under the conditions of this 
experiment, the 13 C nuclear Zeeman frequency is 3.4 MHz. Since the 
modulation frequencies observed in NMESE occur at the same frequencies 
as ENDOR transitions, we can calculate the 13 C hyperfine coupling to 
be approximately 4 . 5-S.S MHz. This signal is quite likely from the 
same 13 C hyperfine interaction observed in the ENDOR spectra of these 
samples, and does not represent a new 13 C hyperfine coupling. 
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Figure 12 
Electron spin echo decay envelopes (observed at g = 2.06) of CuA in 
native and [ 13 C]Cys yeast cytochrome oxidase. Echo intensities were 
measured using a two-pulse technique with pulse widths of 20 and 40 
nanoseconds, respectively. The delay between pulses (~) was moved in 
10 nanosecond increments, starting at 200 nanoseconds. Conditions: 
microwave frequency, 9.06 GHz; temperature, 4.2 K, other conditions as 


















Fourier transforms of the data in figure 12, showing the nuclear 
modulation of electron spin echo (NMESE) frequencies for CuA in native 
and [ 13 C]Cys yeast cytochrome oxidase. An apodization method was used 




































































ENDOR Spectra of CuA at Two Different Microwave Frequencies. In 
order to determine whether the newly resolved signal near 19.9 MHz in 
the spectrum of the beef heart protein is due to a strongly coupled 
proton, we have made use of the difference in nuclear magnetic moments 
of the various nuclei. The nuclear Zeeman interaction is linearly 
proportional to the involved nuclear magnetic moment. For protons, 
the nuclear magnetic moment is quite large, so that the nuclear Zeeman 
interaction is normally greater than or comparable to the hyperfine 
interaction, even in strongly coupled systems such as exist here. 
Since the nuclear Zeeman interaction, but not the hyperfine component, 
is sensitive to the field strength, the application of a higher 
microwave frequency (and hence a higher magnetic field for constant 
g-value) will cause a much greater shift in signals arising from 
protons than for signals of other nuclei. The ENDOR spectra of CuA in 
beef heart cytochrome oxidase at two different electronic frequencies 
are compared in Fig. 14. A large field-dependent shift is observed in 
these spectra not only for the signals at 18.7 and 22.3 ~mz, but also 
for the newly resolved signal at 19.9 MHz. Furthermore, the general 
shape of the entire spectrum in the 18-24 MHz region shows little 
change, consistent with a concerted shift of all signals in this 
region and minor, if any, contributions from non-proton nuclei. 
ENDOR Spectra of CuA in Two Different Beef Heart Preparations. 
In order to help determine the nature of the newly resolved proton 
signals in the 18-24 MHz region of the CuA ENDOR spectrum, we examined 
the ENDOR spectra of oxidized CuA in two different preparations of 
beef heart cytochrome oxidase. ENDOR spectra of CuA from beef heart 
cytochrome oxidase isolated according to the procedures of King, et 
al. (19) and Hartzell, et al. (20) are compared in Fig. 15. This 
comparison clearly shows that if conformational heterogeneity causes 
different methylene proton couplings within a sample, the nature and 
extent of this conformational heterogeneity are independent of the 
nature of the preparation. 
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Figure 14 
ENDOR spectra of CuA in beef heart cytochrome oxidase at two different 
microwave frequencies: 9.08 and 9.34 GHz. (A) a wide sweep range 
showing both the region of the strongly coupled protons and the 
histidine nitrogens; and (B) an enlarged view showing only the region 
of the strongly coupled protons. Other conditions: temperature. 2.1 
K; microwave power. 10 microwatts; field modulation. 4.0 G; sweep 
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ENDOR spectra of CuA in two different preparations of beef heart 
cytochrome oxidase: (A) protein purified according to the procedure 
of Yu, et al. (19); and (B) prepared according to the procedure of 
Hartzell, et al. (20). Conditions: temperature, 2.1 K; microwave 
power, 10 microwatts; microwave frequency, (A) 9.08 and (B) 9.11 GHz; 
field modulation, 4.0 G; sweep rate, 5.2 MHz/sec; instrumental time 


























































































Cytochrome £ oxidase isolated from the yeast Saccharomyces has 
spectroscopic properties very similar to those of the beef heart 
protein (14,17). As will be shown in chapter IV, there is also 
extensive evolutionary sequence homology between cytochrome oxidase 
from these and other eukaryotic species. Based on these 
considerations, it is certain that the active sites in yeast and beef 
heart cytochrome oxidase are very nearly identical. Certainly the 
identity of the ligands to CuA must be the same between these species; 
the spectroscopy of the site is quite unusual and is unlikely to be so 
similar for different coordination spheres. 
Identification of Ligands to CuA 
Inasmuch as the yeast system can be manipulated to allow direct 
incorporation of isotopically substituted amino acids into the 
protein, we have used this system to probe the structure of CuA by 
preparing [~H]Cys-, [ 13 C]Cys-, and [ 1 SN]His-substituted cytochrome 
oxidases. These studies, together with those described in a recent 
report (13), represent the first concrete information regarding the 
identity of endogenous ligands to the metal centers in cytochrome £ 
oxidase. 
Histidine is a Ligand to CuA. The assignment of a 16 MHz 
hyperfine coupling to 14N of a histidine ligand in the native protein 
is confirmed by the observed changes in the 7-15 MHz region of the CuA 
ENDOR spectrum on substitution of [1,3-15 Nz]His for native ( 14N) 
histidine in cytochrome oxidase. Two observations are unambiguous: 
1) the strong peak at 9 MHz is no longer present in the spectrum of 
the [ 15 N]His protein; and 2) the changes in intensity and line shape 
of the 10-15 MHz region are consistent with two new signals (from a 
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Zeeman pair) arising from 15 N substitution. There appear to be no 
other ENDOR signals that might be ascribed to histidine ring 
nitrogens. Digital subtraction of the two spectra shows. in 
particular, that there are no histidine nitrogea couplings in the 
19-24 MHz region of the native protein spectrum. 
It is interesting to note that a hyperfine coupling of 16-17 MHz 
is unusually small for a histidine nitrogen ligand to Cu(II) (12.27). 
However. as will be discussed later in this section. it is not 
unexpected for a system in which the unpaired spin is substantially 
delocalized away from copper. 
Cysteine is a Ligand to CuA. The existence of at least one 
cysteine as a ligand to CuA is demonstrated by the ENDOR studies of 
[~.~-2H 2 ]Cys-substituted cytochrome oxidase. The two resonances 
seen at 19.7 and 21.7 MHz in the native yeast protein spectrum 
decrease in intensity by more than 50% on substitution of [ 2 H]Cys for 
native cysteine. The incomplete elimination of intensity in this 
region can be rationalized in several ways. It is possible that some 
proton exchange may have occurred at the methylene carbon during the 
biosynthesis of the enzyme. Also. although revertant levels appeared 
to be low throughout the growth of the yeast (17). the particular 
strain used for the growth of this sample (different from that used in 
the growth of [ 13 C]Cys-substituted yeast) had a moderately high 
reversion rate. Since the mutant yeast strain is at a significant 
disadvantage relative to revertants. it is possible that during the 
final hours of growth. the revertant strains had begun to become a 
moderate fraction of the total cell density in the fermentor. In this 
case. the revertants could synthesize and incorporate (unlabeled) 
cysteine. resulting in a fraction of the isolated protein being of 
normal isotopic composition. 
The measurement of a hyperfine coupling to 13 C in CuA isolated 
from [~-13 C]Cys-substituted yeast unambiguously confirms the 
assignment of at least one cysteine ligand to CuA. The lack of any 
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other couplings to 13 C in either the ENDOR or NMESE spectra indicates 
that either: 1) there is only one cysteine ligand to CuA, 2) there is 
a second cysteine ligand with a negligible hyperfine interaction, or 
3) there are two cysteine ligands to CuA with almost identical 
hyperfine couplings to the methylene 13 C, such that the two ENDOR 
signals appear as one. These possibilities will be discussed below in 
the context of other ENDOR findings and information on the overall 
structure of the site. 
The Possibility of a Second Cysteine Ligand to CuA 
The newly resolved signal near 20 MHz in the CuA ENDOR spectrum 
of beef heart cytochrome oxidase may be explained in more than one 
way. First, it may be that there exists some structural heterogeneity 
in the CuA centers which causes a subset of them to have slightly 
different methylene proton hyperfine couplings. As will be discussed 
in a later section, this change in hyperfine coupling could easily 
occur by a slight rotation of the p-CH 2 group relative to the 
rr-orbital on sulfur containing the unpaired spin density. Although 
small rotations of this sort are not unexpected in a protein, this 
interpretation would require two distinct populations of CuA centers 
within the isolated protein with very precise, yet different, 
rotational orientations. Moreover, it would require this hetero-
geneity to be a property of the oxidized protein independent of 
the method of preparation. Although conformational heterogeneity has 
been observed for the coordination at the oxygen binding site in 
cytochrome oxidase, it is not only dependent on the method of 
isolation, but also varies from preparation to preparation within 
samples of beef heart protein prepared by the same procedure (28). 
The heterogeneity observed at the oxygen binding site is probably due 
to different modes of coordination of exogenous ligands. CuA binds no 
exogenous ligands and is unlikely to show similar effects. 
- 62 -
A second interpretation is that the signal seen at 19.9 MHz is 
due to hyperfine coupling to a (14N) nitrogen ligand. However ENDOR 
spectra recorded at two different microwave frequencies (Fig. 14) rule 
out this possibility. The new signal shifts with a change in the 
field position in the manner expected for a proton. Due to the 
uniquely large magnitude of the proton nuclear magnetic moment 
relative to all other nuclei. this signal can be unambiguously 
assigned to a proton hyperfine coupling. 
Finally. the signal seen at 19.9 MHz may be due to a third 
methylene proton on a second cysteine ligand to CuA. In this case. 
the other proton on this second cysteine could give rise to one of the 
strongly coupled proton signals or it may be at an angle (see the 
following section) relative to the orbital containing the unpaired 
spin such that its coupling is very small. Regardless. although the 
assignment of individual peaks in the spectrum to specific methylene 
proton pairs is not possible with the available data. this interpre-
tation would predict a fourth methylene proton coupling. Careful 
analysis of the beef heart protein CuA ENDOR spectrum in the region 
near 23-24 MHz reveals a shoulder on one side of the major signal at 
23 MHz. consistent with the presence of an underlying signal near 24 
MHz. ENDOR spectra taken in opposite sweep directions (not shown) 
demonstrate that this distortion is not caused by rapid passage or 
similar effects. This shoulder at high frequency is even more 
pronounced in the ENDOR spectra of the yeast protein (the new signal 
being centered at about 22.5 MHz). For these reasons. we feel that 
there is good cause to suspect four different strongly coupled 
proton signals in the 19-24 MHz region of the CuA ENDOR spectra. and 
that these signals originate from two sets of methylene protons from 
two different cysteine ligands to CuA. The fact that only one 13 C 
hyperfine coupling has been measured in the ENDOR spectrum of the 
[ 13 C]Cys-substituted protein would indicate that the two sulfur atoms 
have very similar spin densities so that the resonances from the two 
methylene 13C-carbons are coincident. 
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The new finding of more than two strongly coupled protons 
to CuA in the beef heart protein (and presumably also in the yeast 
protein) is evidence that there are two cysteine ligands to CuA. 
The comparable magnitude of these couplings, combined with the 
apparent measurement of only one resonance for 13 C hyperfine 
interaction(s) in the [ 13 C]Cys sample, shows that if there are two 
cysteine ligands to CuA• each has very similar unpaired spin density. 
Estimation of the Unpaired Spin Density on Cysteine Sulfur 
We now examine the observed methylene proton hyperfine couplings 
in an attempt to estimate the extent of delocalization of unpaired 
spin density from copper onto the cysteine sulfur ligand(s). Although 
precise solutions require a knowledge of which signals arise from 
couplings to protons on the same cysteine ligand, the qualitative 
arguments are the same for all protons with resonances in the 19-24 
MHz region of the ENDOR spectra. To illustrate the approach, the 
following analysis will initially assume that the protons with 
couplings of 11.0 and 18.6 MHz in the beef heart protein arise from 
methylene protons on the same cysteine. 
The McConnell Relation and Hyperconiugation. Hyperfine 
interactions from methylene protons adjacent to a n-type sulfur 
radical have been found to arise primarily from hyperconjugation 
(29,30). The coupling from such a methylene proton is expected to 
be isotropic and its magnitude depends on the dihedral angle 0 
between the C-H bond and the sulfur 3p orbital containing the unpaired 
electron (see Fig. 16) according to the following equation: 
(1) 
In this equation A
0 
is a constant, typically 86 MHz for various sulfur 
radicals (see Gordy (30) for a recent review), and p~ is then-spin 
- 64 -
Figure 16 
Geometry of a sulfur 3p orbital (containing unpaired spin density) 
with respect to the adjacent methylene protons. The diagram is drawn 







density centered on sulfur (specifically, the p-orbital contribution). 
Assuming a dihedral angle of 120° between the two protons and using 
the measured proton hyperfine couplings, one can solve for p~ and the 
proton dihedral angles for a sulfur radical like those found in 
irradiated cysteine (31). Due to the cosine nature of the above 
equation two distinct sets of solutions are found. For the CuA center 
with proton hyperfine couplings of 11.0 and 18.6 MHz, one solution of 
equation (1) results in a situation in which about 25% of the unpaired 
electron spin resides in a n-type orbital on sulfur, whereas the 
second solution places about 70% of the unpaired spin on sulfur. 
For either of these two solutions to equation (1), the dihedral 
angles of the methylene protons are in a region of the function 
wherein the predicted hyperfine couplings are very sensitive to the 
dihedral angle. As an example, for the solution predicting the 
localization of 25% of the unpaired spin on sulfur, the dihedral angle 
for the proton giving rise to the 11.0 MHz proton hyperfine coupling 
is calculated to be 43°. The slope of the function at this point is 
such that a rotation of only 0.7° will result in a 1 MHz change in 
the hyperfine coupling (or a 0.5 ~mz change in the observed signal 
position). Given the relatively narrow linewidths of the strongly 
coupled proton signals for CuA (approximately 0.5 to 1 MHz), we can 
predict that at low temperatures the distribution of dihedral angles 
for each of the methylene protons is quite narrow, ie. that the 
cysteine sulfur ligands have very little rotational freedom. This 
interesting structural result must be explained by future models for 
the site. 
Factors Affecting the Quantitation of Unpaired Spin Density. 
The use of equation (1) to fit the observed hyperfine couplings of the 
strongly coupled protons provides valuable information regarding both 
the physical structure and the electronic distribution at the CuA 
site. However, two different considerations can lead to deviations 
from the ideal situation assumed by the equation. First, the 
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treatment above assumes hyperconjugation as the only contribution to 
unpaired spin at the methylene protons. Another mechanism which can 
contribute to the observed hyperfine interaction is spin polarization 
(32). This mechanism of unpaired spin transfer is independent of 
angle, but it cannot be predicted without detailed molecular orbital 
calculations on the entire system. If this mechanism contributes to 
the observed hyperfine interaction, the spin densities on sulfur 
calculated by equation (1) will be overestimated. However, spin 
polarization drops off substantially as it propagates from bond to 
bond and so should represent a minor contribution to the unpaired spin 
density on methylene protons two bonds removed. In model studies of 
sulfur-centered radicals equation (1) has proven adequate to explain 
the measured hyperfine couplings, and contributions from spin 
polarization have been found to be negligible (30). We expect that 
it is negligible in this system as well. 
Experimental verification of the proposal that hyperfine coupling 
to the methylene protons in CuA arises purely from hyperconjugation is 
provided by the measurement of hyperfine coupling to 13 C substituted 
at the methylene carbon of cysteine. Although the methylene carbon is 
presumably of tetrahedral geometry, and therefore possesses a signif-
icant amount of s-orbital character through sp 3 hybridization, the 
measured 13C hyperfine coupling of 3.6 MHz is quite small. By 
comparison, the CF3" radical is close to tetrahedral in geometry 
(with an estimated s-orbital spin density of 0.20), and contains a 13C 
hyperfine coupling of 760 MHz (33). By comparison, the unpaired spin 
density in the s-orbital of the cysteine methylene carbon(s) at CuA 
must be quite small, indicating very little spin polarization to 
carbon from unpaired spin localized on sulfur. The contribution from 
spin polarization to the hyperfine interaction at the methylene 
protons one bond removed must certainly be negligible. 
A second consideration with respect to the use of equation (1) in 
determining the extent of delocalization onto sulfur is that the form 
of the equation assumes that the unpaired spin is localized in a 
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simple 3p orbital on sulfur. It is possible that in order to provide 
better overlap with copper, or with other nearby atomic centers, the 
orbital containing the unpaired spin will be partially sp-hybridized. 
To the extent that admixture of other orbitals on sulfur is involved, 
the analysis using equation (1) will underestimate the total unpaired 
spin density on sulfur. 
The above considerations lead to the conclusion that the use of 
equation (1) and the measured methylene proton hyperfine coupling 
constants for CuA to predict the unpaired spin density at the sulfur 
of a cysteine ligand will, at worst, underestimate the total 
unpaired spin density localized on sulfur. Therefore, we are led to 
the solution of equation (1) which estimates at least 25% unpaired 
spin density in an orbital on sulfur. If, as evidence suggests, there 
are four different strongly coupled methylene protons interacting with 
CuA• then the total unpaired spin density delocalized away from the 
copper orbitals is greater than 50%, indicating a very unusual 
oxidized copper site. 
Considerations of the Unpaired Spin Density on CuA 
The observation of a 13 C hyperfine interaction for the cysteine 
methylene carbon(s) and the determination of at least two (and 
possibly as many as four) strongly coupled cysteine methylene protons 
allows us to conclude that there is substantial delocalization of 
unpaired spin density away from copper and onto one or more cysteine 
sulfurs. This proposal for the coordination of CuA explains many of 
the unusual spectroscopic features of the site; in particular, the 
relatively small and isotropic copper hyperfine interaction is now 
readily explained. 
As mentioned previously, CuA is spectroscopically unique in 
several respects. Prominent among these is the unusually small and 
isotropic nature of the copper hyperfine interaction (1). One simple 
explanation of this result is that a substantial amount of the 
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unpaired spin in CuA is delocalized onto orbitals away from the copper 
atom (5,6). This interpretation is consistent with the localization 
of a substantial amount of unpaired spin on sulfur ligand orbital(s). 
An alternative explanation for the anomalously small and isotropic 
copper hyperfine in CuA is that the unpaired electron is not in a pure 
Cu(3d) orbital, but in one which conta~ns a significant amount of 
Cu(4p) character (1,34). We now examine this latter proposal as it 
applies to CuA and to other copper protein systems. 
The Admixture of Cu(4p) Character in Tetrahedral Complexes. 
Admixture of Cu(4p) orbital character into the Cu(3d) orbitals is 
often invoked to explain the small copper hyperfine couplings in the 
blue copper proteins (35,36) and has also been proposed to explain 
the small couplings in CuA (1,34). Admixture of a large amount of 
4p character into a 3d orbital whose orbital plane is perpendicular to 
it can indeed result in an orbital with more spherical shape and 
therefore a more isotropic interaction with the copper nucleus. 
Furthermore the contribution from a 4p orbital to the hyperfine 
coupling with copper is opposite in sign to the contribution from a 3d 
orbital, resulting in an overall decrease in the measured hyperfine 
couplings. 
Such an admixture of 4p and 3d character can occur in systems of 
tetrahedral symmetry which require equal overlap with all four 
ligands. For example, the mixing of 4pz character into the 3dxy 
orbital has the effect of pointing the lobes of the 3dxy orbital out 
of the plane towards the corners of a tetrahedron and increasing the 
angle between any two lobes. The same reasoning can explain admixture 
of the 4px and 4py orbitals with the 3dyz and 3dxz orbitals, 
respectively . Thus, for tetrahedral centers, such as the copper in 
Cs 2 CuC1 4 , redirection of the orbital lobes results in better overlap 
between the metal 3d orbital and the four ligand orbitals so that the 
energy cost of mixing in the higher lying 4p orbital is offset by 
improved interactions with the ligands. In tetrahedral symmetry, 
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hybridization is necessary to optimize equal overlap with all four 
equivalent ligand orbitals. 
In many cases. however. a so-called tetrahedral Cu(II) complex 
may have different ligand types with different ligand field strengths. 
so that interaction with one ligand type is more energetically favored. 
Thus. although the copper hyperfine coupling in the tetrahedral 
complex Cs 3 CuC1 4 is quite small (25 x 10-4 cm-1 ). indicating 
significant admixture of 4pz character into the 3dxy orbital. the 
hyperfine coupling in Cu(phen)Cl 3 (CuN 2 Cl 2 ). which also has a 
tetrahedral geometry. is 123 x 10-4 cm-1 (37.38). In this case. 
owing to the very different ligand character of the phenanthroline 
nitrogen and Cl-. equal overlap with all four ligands is not 
energetically preferred. This result illustrates the argument that 
admixture of 4pz character into the 3dxy orbital is less favorable for 
tetrahedral (geometry) coordination in mixed ligand complexes. The 
argument becomes still stronger as the ligand coordination is moved 
towards a flattened tetrahedral geometry. In this case. the smaller 
ligand-metal-ligand angles become less than 109°. approaching the 
90° angle found between the lobes of a pure 3dxy orbital. 
Considering that for Cu(II) the 3d 1 4p configuration lies about 
125.000 cm-1 above the 3d' configuration (39). the energy benefit of 
improved orbital overlap must be substantial before significant 4pz 
admixture can lower the overall energy of the system. These results 
show that in tetrahedral copper coordination complexes with mixed 
ligand types. admixture of 4p character into the 3d orbitals may not 
always be invoked to explain a decreased copper hyperfine interaction. 
The Extent of Cu(4p) Admixture in CuA. The coordination 
symmetry of CuA (and of the blue coppers as well) is certainly not 
tetrahedral. Even if the coordination at these sites were roughly 
tetrahedral in geometry. the true symmetry at the copper is not 
tetrahedral and equal overlap with all four ligands is not necessarily 
desired. For example. assuming that CuA is coordinated by two 
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cysteine sulfurs and one or two histidine imidazole (or other) 
nitrogens in a flattened tetrahedral geometry, a copper orbital such 
as 3dxy would achieve stabilizing orbital overlap with the two sulfur 
sigma orbitals with very little 4pz admixture. This would of course 
be at the expense of poor overlap with nitrogen sigma orbitals; 
however, imidazole nitrogen a-orbitals are relatively hard and thus 
do not stabilize Cu(II) as well as the more soft sulfur ligand 
orbitals. In fact, for a histidyl ligand with its imidazole ring 
plane oriented perpendicular to the S-Cu-S (and therefore 3dxy) plane, 
• overlap between the empty imidazole n orbital and the copper 3dxy 
orbital is favorable, resulting in a stabilizing back-bonding 
interaction. The relatively weak nitrogen hyperfine measured in this 
work confirms that the interaction of the imidazole ring nitrogen with 
the orbital containing the unpaired electron is small. 
Owing to the non-tetrahedral symmetry of the CuA site and the 
large energy cost of Cu(4p) admixture, it is likely that the small and 
isotropic nature of the copper hyperfine interaction in CuA arises not 
from Cu(4p) orbital admixture, but rather from extensive delocal-
ization of unpaired spin from copper onto associated cysteine sulfur 
ligand(s). 
- 72 -
A MODEL FOR THE STRUCTURE OF CuA 
The positive identification of one histidine and at least 
one, and very likely two, cysteine ligands to CuA is a significant 
step forward in the understanding of the structure of the CuA center 
in cytochrome oxidase. The coordin~tion of a second cysteine ligand to 
copper would make CuA unique among known metalloproteins. The unusual 
nature of this metal active site, both structurally and spectro-
scopically, and its importance in the functioning of cytochrome 
oxidase, make the understanding of the physical and electronic 
structures of this site a necessary prerequisite to understanding 
cytochrome oxidase as a whole. 
The Proposed Physical Structure 
In order to aid the understanding of the interactions between 
copper and its ligands in CuA, we present in Fig. 17 a possible 
structure for the CuA site. In this model, the copper is coordinated 
by two cysteine sulfurs and two histidine nitrogens. Superimposed on 
the structure shown in Fig. 17 is the coordinate axis system used to 
discuss the involved atomic orbitals on copper and its ligands. We 
have placed the z-axis along the bisector between the two sulfur atoms 
and the x-axis in the S-Cu-S plane in order to conform with the 
conventions used in group character tables. The coordination geometry 
is assumed to be approximately tetrahedral. 
The Proposed Electronic Structure 
In the most simple crystal field limit, the symmetry of the 
center shown in Fig. 17 is tetrahedral, and the initial orbital energy 
ordering is as shown in Fig. 18. However inequivalence of the four 
ligands reduces the site symmetry. Assuming two equivalent nitrogen 
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Figure 17 
Structural model for copper coordination by two cysteine sulfurs and 






Orbital energy diagram for the proposed CuA model site presented in 
the text. For comparison. the orbital energies of a typical blue 












































































































































































ligands and two equivalent sulfurs coordinated in an approximately 
tetrahedral geometry, the symmetry of the center becomes c2v· The 
3dxz (B1 ) orbital on copper overlaps directly with the thiolate sulfur 
orbitals and is raised in energy. The ligand field strength of the 
thiolate ligand has been estimated to be moderately strong (40), so 
that the 3dxz orbital on copper will be raised in energy the most by 
this coordination. The 3dxz orbital will be the highest lying copper 
3d orbital and therefore will contain the unpaired electron. Note 
that due to a different choice of axes, the highest occupied orbital 
in the blue coppers is typically referred to as 3dxy (36). The 
degeneracies of the remaining orbitals will be lifted by the reduction 
in symmetry as shown qualitatively in Fig. 18. However, before 
discussing the effects of this coordination on the other orbitals of 
copper it is instructive -to examine the electronic features of the two 
sulfur centers and their interactions with copper. 
In addition to the straightforward interaction of the sulfur 
(sigma) atomic orbitals with the 3dxz orbital on copper, the resulting 
site symmetry allows direct interaction between the two sulfur 
atoms. As shown at the far right in Fig. 18, electrostatic repulsion 
between the two (charged) thiolate sulfur atoms will raise the orbital 
energies of each. Assuming a S-Cu-S angle of 90° and S-Cu separations 
of 2.2 1 (consistent with available EXAFS data for CuA (41)), the 
disulfide separation will be 3.1 1. To a first approximation, we can 
estimate the energy of the coulombic repulsion as that of two point 
charges in a medium of dielectric 10, separated by 3.1 1. Examining 
the interaction between the sulfurs more closely, however, we see that 
the lone pair sigma orbitals on each sulfur center can combine to form 
the symmetric A1 and antisymmetric B1 symmetry orbitals, as shown in 
Fig. 19. These orbitals will be different in energy, the symmetric ~ 
ligand orbital being lower in energy relative to the B1 ligand 
orbital. To provide an approximate estimate of the energy difference 
between the ~ and B1 ligand orbitals, we note that the bond strength 
of the S-S bond in cystine is 50 kcal/mole (42) at a bond distance of 
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Figure 19 
Representation of the molecular orbitals originating from the direct 




2.04 1 (43). As the equilibrium bond length drops from 2.04 1, the 
magnitude of this interaction will also drop; however, the sulfur 
valence orbitals are rather diffuse and should allow significant 
overlap at the distance proposed here. We assume for this model that 
the bonding interaction between the individual sulfur sigma orbitals 
is half that found in cystine. The electronic effects presented here 
serve to raise the B1 ligand orbital energy well above that of the 
sulfur sigma orbital found in the mono-cysteine blue copper centers, 
allowing the B1 orbital energy to approach more closely the energies 
of the Cu 3d orbitals. 
The symmetry of the B1 sulfur ligand orbital allows it to mix 
effectively with the Cu(3dxz) orbital to form a bonding (with respect 
• to copper and sulfur) ~ and an anti-bonding B1 orbital. It is this • • new B1 orb1tal in which the unpaired electron finally resides in this 
model for CuA. The extent to which the sulfur B1 orbital is raised in 
energy by the mechanisms discussed above will affect the relative 
contributions of the sulfur B1 and copper 3dxz orbitals to the 
resulting s1* molecular orbital. Similarly, depending on the extent 
to which the copper 3d orbitals (specifically the 3dxz orbital) are 
• lowered in energy by backbonding interactions (see below), the B1 
molecular orbital will have substantial sulfur radical character. 
The molecular orbital energy diagram shown in Fig. 18 illustrates 
several other stabilizing interactions between copper and its ligands. 
These interactions are difficult to estimate quantitatively and we 
will merely point out the qualitative features of this model. First, 
the unoccupied 3d orbitals of sulfur can combine as shown in Fig. 19 
to yield unoccupied ligand molecular orbitals. These ligand orbitals 
can overlap with the occupied 3dxy and 3dyz orbitals on copper to 
delocalize charge (but not unpaired spin) onto the relatively soft 
sulfur ligands. This backbonding interaction not only lowers the 
energy of the copper 3dxy and 3dyz orbitals specifically, but also 
lowers the interelectronic repulsion (and therefore orbital energies) 
of the entire copper 3d shell. The relatively hard (filled) imidazole 
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nitrogen sigma lone pair destabilizes the Cu(3dyz) orbital with which 
it overlaps, offsetting somewhat the energy stabilization that the 
3dyz orbital gains from backbonding to the empty sulfur 3d orbitals. 
The unoccupied imidazole n• orbital, however, can interact with the 
Cu(3dxz) orbital, to allow a stabilizing back-bonding interaction and 
to propagate some unpaired spin into the imidazole n• orbital. 
The main features of this model for the CuA site in cytochrome 
oxidase are the raising in energy of the sulfur ligand orbitals and 
a concomitant lowering in energy of the Cu 3d atomic orbitals relative 
to a mono-thiolate copper center such as is found in the blue coppers. 
This allows more complete mixing of the sulfur orbitals with the 
copper 3d orbital containing the unpaired electron. The end result of 
these interactions is an oxidized copper center with substantial 
Cu(I)-sulfur radical character. 
Analysis of Spectroscopic Data with Respect to the Proposed Model 
With this new model for the CuA site, we are now in a position to 
explain many of the unusual spectroscopic features associated with 
this unique site. 
Nitrogen Hyperfine Coupling. In this model the interact'ion of 
an imidazole ligand to CuA with the (3dxz) orbital containing the 
unpaired electron on copper is dominated by n-type overlap, rather 
than the conventional sigma interaction. This overlap will allow for 
the propagation of some unpaired spin density onto the imidazole 
ligand. However, since this unpaired spin density is primarily in a 
n•-type orbital of the imidazole ring and the electron spin is further 
delocalized out of the Cu(3dxz) orbital onto the sulfur ligands, 
hyperfine coupling between the unpaired electron spin and the 
imidazole nitrogen nucleus is expected to be weak relative to systems 
in which sigma bonding to the Cu(3dxz) orbital is involved. As the 
ENDOR results have shown, the measured hyperfine coupling to the 
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proximal imidazole ring nitrogen is indeed weak relative to that seen 
in other copper proteins. This is also confirmed by the nuclear 
modulation of electron spin echo data for CuA (44) which show an 
unusually shallow 14N modulation, indicating a very weak hyperfine 
interaction. This is atypical of imidazole coordination in Cu(II) 
centers, which generally shows a deep 14N modulation pattern from 
interaction with the distal imidazole ring nitrogen (45,46). 
Copper Hyperfine Couplings. As discussed in the preceding 
section, CuA is characterized by a small and isotropic copper 
hyperfine interaction which cannot be fully explained by the admixture 
of Cu(4p) orbital character. In the current model, the molecular 
orbital containing the unpaired spin has substantial contributions 
from a Cu(I)-cysteine disulfide anion radical. Hence the unusually 
small and isotropic copper hyperfine observed for CuA is explained by 
the delocalization of unpaired spin onto the two sulfurs. Not only is 
unpaired spin density moved away from the copper nucleus (decreasing 
the hyperfine interaction), but it is no longer in a pure Cu(3dxz) 
orbital, so that its interaction with the copper nucleus is less 
anisotropic than if it were constrained to that orbital. 
EPR g-values. The unusual high-field g-value of 1.99 for CuA 
(3) can also be explained simply by this model. As discussed 
previously (14), to obtain a g-value less than the free electron 
g-value of 2.0023, the molecular orbital containing the unpaired spin 
must possess a contribution from an atomic orbital with a spin-orbit 
coupling constant opposite to that of the copper 3d 9 system. Sulfur 
orbitals meet this requirement. Although the exact g-values will 
depend strongly on the nature of the composite molecular orbital, it 
is interesting to note that the g~values for CuA (1.99, 2.04, and 
2.18) are quite similar to those (1.99, 2.01, and 2.21) for a neutral 
cysteine disulfide radical produced by UV irradiation of cysteine 
(30,31). 
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X-ray Absorption Edge Studies. The x-ray absorption edge data 
for oxidized CuA indicates that the copper is either Cu(I) or a very 
covalent Cu(II) (4). In the above model~ CuA is both very covalent 
and has a high degree of Cu(I) character. Upon reduction~ the added 
electron goes into the B1• orbital which contains significant sulfur 
radical character. That is~ the formal oxidation state of the copper 
remains close to +1 in both the reduced and oxidized forms of the 
center. This explains the observed result of the x-ray edge study 
which shows very little shift in the position of the edge upon 
reduction of the site 
the oxidized state. 
the copper is already partially "reduced" in 
Linear Electric Field Effect Studies. The linear electric 
field effect (LEFE) data for CuA (44) also confirm the unusual nature 
of the coordination at CuA. This technique measures the shift in 
g-value of an EPR resonance in the presence of an applied electric 
field (47). The form of the observed shift is very sensitive to the 
symmetry (not just geometry) at the site. The results for CuA (44) 
are quite unlike those found in Type I or Type II Cu(II) complexes 
(48). The shape 1 in particular 1 is unlike that of any copper complex 
yet studied 1 and the magnitude of the shift is smaller than that 
observed for the blue copper centers. Mims and Peisach (44) conclude 
that the ligand field at CuA is not tetrahedral and that it differs 
radically from that of the square planar (Type II) coppers and the 
blue coppers. The coordination of a second cysteine sulfur and~ in 
particular~ the delocalization of substantial spin density onto the 
two cysteine sulfurs represent a radical change from the copper 
centered paramagnetic site which exists in the mono-cysteine sulfur 
coordinated blue coppers. 
Magnetic Circular Dichroism Studies. The magnetic circular 
dichroism (MCD) spectrum of CuA shows a relatively intense negative 
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MCD band centered at about 785 nm (49,50) which corresponds to the 
830 nm optical absorbance. The 830 nm optical transition in CuA has 
been compared to the 600 nm transition of the blue coppers. However, 
the strength of the MCD band near 800 nm in CuA (Ae = -2.5 M-l cm-l 
T-1 > is 5 to 10 times stronger than the MCD band associated with the 
600 nm absorbance of blue copper centers (51). 
Noting the slight blue shift of the CuA MCD band at 785 nm 
relative to the absorption at 830 nm, we are prompted to look for a 
B-type MCD partner at lower energy. Analysis of near-IR MCD data for 
reductive titrations of oxidized cytochrome oxidase reveals a positive 
band at 1550 nm (Ae = +0.9 ~l cm-l T-1 ) which disappears in 
parallel with the negative MCD band near 800 nm. Results from 
reductive titrations of cyanide-inhibited oxidized cytochrome oxidase 
have been used to associate this band with the cytochrome ~3 center 
(49). It has been claimed that the single band at 1550 nm in these 
spectra merely shifts to slightly lower wavelength during the 
titration. In this interpretation, the band at 1550 nm is assigned 
wholly to the cytochrome ~3 center, in both the native oxidized 
protein and in the cyanide-inhibited mixed-valence species. No 
explanation is offered as to why the band should occur at 
approximately the same energy in both the low-spin (oxidized) 
cytochrome ~3-CN species and in the native oxidized cytochrome ~3 
(presumably high-spin (52,53)) species. Careful analysis of the MCD 
results reveals that, in the fully oxidized cyanide-inhibited complex, 
a new band occurs at slightly lower wavelength, overlapping the 
original MCD band at 1550 nm. This is evident from the increased 
intensity in this region upon cyanide binding. We assign this new 
band to the cytochrome ~3-CN species and the original band at 1550 nm 
to oxidized CuA. In the fully oxidized mixed-valence state the two 
bands are not resolved, so that, as the band at 1550 nm disappears 
during the reductive titration, the composite band appears to shift 
to lower wavelength. 
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The assignment of a new MCD band associated with CuA can now be 
interpreted in terms of the above molecular orbital model for the CuA 
site. This new band may well be the positive partner of the negative 
band near 800 nm in a B-type MCD transition. Note that. to first-
order. B-type MCD transition intensities are inversely proportional to 
the energy separation between the excited states and nearby excited 
states with which they can be mixed by the magnetic field (54,55). 
In addition. the states must be of the appropriate symmetry to be 
mixed by the angular momentum operator of the magnetic field 
interaction. The fact that no band has been assigned in MCD spectra 
of the blue coppers which is an obvious partner to the charge transfer 
band at 600 nm implies that the corresponding partner is far separated 
in energy from the band near 600 nm and/or is poorly mixed by the 
magnetic field. 
The state diagram shown in Fig. 20 compares the excited state 
energies of a typical blue copper center with a qualitative state 
diagram for the current model of CuA (taken from the orbital energy 
diagram presented in Fig. 18). The cysteine sulfur ligand to metal 
charge transfer band (Sa+-B2 ) characteri~tic of blue coppers can be 
compared with the 830 nm (in this case B1+-B1 ) transition of CuA. Two 
major differences are apparent which may account for the very 
different MCD results discussed above. First. both the ground B1 and 
the excited B1 states for CuA are mixtures of ligand and metal 
orbitals. The fact that the excited state contains some Cu(3dxz) 
character allows it to be mixed with the other metal 3d orbitals by an 
external magnetic field. The Lx and Lz operators can mix 3dxz with 
3dxy and 3dyz. respectively. while the Ly operator can mix 3dxz with 
both 3dx2-y2 and 3dz 2 • Therefore a magnetic field will mix the 
excited state B1 with the nearby A1 • B2 • and ~ states. The state 
diagram shown in Fig. 20 predicts that the MCD transition at 1550 nm 
(6450 cm-1 ) could be either the ~+-B1 or B2+-B1 transition. 
In addition. the extent of mixing between two states is inversely 
proportional to energy separation between them. Since the lowering of 
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Figure 20 
A state diagram comparing the energies of the ground and excited 
states for the blue coppers and for the model for CuA proposed .in the 
text. The blue copper state energy levels are taken from (36); those 










































































































































































































































































































































































































































the energy of the B1 excited state discussed above brings this state 
closer in energy to the states with which it can be mixed, the 
magnitude of the MCD signal for this transition will be still greater. 
In the case of the blue coppers, the excited state is more purely 
ligand-based and further removed in energy from the copper 3d 
orbitals, so that the magnetic field will not efficiently mix the 
excited state with the copper orbitals. These considerations 




The successful incorporation of isotopically substituted amino 
acids into yeast cytochrome oxidase has allowed us to unambiguously 
identify ligands to the CuA site in cytochrome oxidase. The ENDOR 
studies of the [ 15 N]His-substituted protein prove conclusively the 
coordination of a histidine ring nitrogen to CuA. Similar studies of 
the [ 2H]Cys- and [ 13 C]Cys-substituted proteins conclusively identify at 
least one cysteine ligand to CuA• and the identification of a new ENDOR 
resonance from a third strongly coupled cysteine methylene proton in 
the beef heart protein is good evidence that CuA has. in fact. two 
cysteine sulfur ligands. The strength of these proton hyperfine 
couplings indicates that the unpaired spin in the oxidized CuA center 
is extensively delocalized away from copper and onto the cysteine 
sulfurs. The coordination of two cysteine sulfurs to copper and the 
resulting electronic distribution at the site make CuA center unique 
among copper proteins. 
The determination of an unusual coordination environment for CuA 
allows us to explain many of the spectroscopic properties of 
the center, and we have developed a model for the site to aid in the 
interpretation of these data. The unique feature of this model is the 
strong interaction of two thiolate sulfur ligands with copper which, 
in the oxidized form of the center, allows a significant delocal-
ization of unpaired spin density away from copper and into an 
antibonding sigma orbital between the two sulfurs. The oxidized CuA 
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CHAPTER III 
THE STRUCTURE OF CYTOCHROME .!. 
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INTRODUCTION 
Cytochrome A is generally thought to be the primary acceptor of 
electrons from cytochrome ~· acting as a one-electron mediator between 
cytochrome ~ and the other metal centers within cytochrome oxidase 
(1,2). Consistent with this function, the mid-point potential of 
cytochrome A is quite similar to that of cytochrome~ (3,4), thereby 
allowing for a small loss in the total available redox energy at this 
first electron transfer. From cytochrome A• each electron is 
transferred to dioxygen coordinated at the oxygen binding site. The 
electrons are generally assumed to be transferred to the oxygen 
binding site via CuA• although recent evidence suggests that 
cytochrome A may also transfer electrons directly to the oxygen 
binding site (5). As discussed in chapter I of this thesis, the 
potential difference between cytochrome ~ and dioxygen is quite 
substantial (42 kcal per mole oxygen reduced), and it has been shown 
that cytochrome oxidase converts some of this potential energy into an 
electrochemical proton gradient across the mitochondrial inner 
membrane (6). 
Cytochrome A has been proposed to be directly involved in proton 
pumping, coupling the electron transfer events at the site to the 
translocation of protons across the mitochondrial membrane (7). 
However, almost nothing is currently known about the mechanisms of 
electron transfer or, in particular, proton pumping in cytochrome 
oxidase. It is clear that a knowledge of the structures of the 
involved metal centers will be necessary before a complete under-
standing of both electron transfer and proton pumping can be achieved. 
The cytochrome A site is known to consist of a low-spin iron 
coordinated by four in-plane nitrogen ligands from a heme A 
macrocycle, as shown in Fig. 1. No direct evidence exists as to the 
identity of the (endogenous) axial ligands, except that they do not 
exchange with exogenous ligands. Blumberg and Peisach (8) have 
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Figure 1 







compared the electron paramagnetic resonance (EPR) spectral g-values 
of a large variety of low-spin heme complexes, and on the basis of 
these comparisons have argued for his-imidazole coordination in 
cytochrome A· Similar comparisons with optical and resonance Raman 
spectroscopies (9), and magnetic circular dichroism (MCD) spectros-
copies (10,11) have led investigators to the same conclusion. 
However, none of these studies provides direct information on the 
axial ligands to cytochrome A• and other results have in fact shown 
that all of the spectral properties of cytochrome A site may not be 
satisfactorily simulated by model compounds (12,13). To date no 
definitive evidence for either mono- or bis-imidazole coordination of 
cytochrome A has been produced. 
In this chapter, we have exploited the unique capabilities of 
electron nuclear double resonance (ENDOR) spectroscopy and the 
specific incorporation of isotopically substituted amino acids into 
the protein in order to identify axial ligands to cytochrome A· We 
present ENDOR studies of native and [1,3-15 Nz]histidine substituted 
yeast cytochrome oxidase which demonstrate conclusively the coordi-
nation of at least one histidine ligand to cytochrome A in cytochrome 
oxidase. Comparison of the observed 14N and 15 N hyperfine couplings 
with those from various mono- and bis-imidazole porphyrin model 
compounds presents strong evidence for the coordination of a second 
histidine imidazole as well. 
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MATERIALS AND METHODS 
All chemicals used in the enzyme purification were of enzyme 
grade when available; otherwise they were reagent grade. All the 
chemicals used in the growth of yeast such as vitamins. amino acids. 
and galactose were the highest grades available from Sigma. The 
[1,3-15 N~]histidine"HC1 was 95% enriched in 15 N at both histidine ring 
positions and was obtained from Veb Berlin-Chemie. Berlin-Adlershof. 
The percent enrichment was verified shortly before incorporation into 
the yeast by natural abundance 13 C NMR (see chapter II). 
Preparation of Proteins and Model Compounds 
Native and [ 15 N]His-substituted Yeast Cytochrome Oxidase. The 
preparations of native yeast cytochrome oxidase and protein 
substituted with [1,3-15 N~]histidine are described in the previous 
chapter of this thesis. 
Beef Heart Cytochrome Oxidase. Cytochrome oxidase from beef 
heart was prepared by the method of Yu et al. (14). and was a 
phospholipid "sufficient" sample. The protein concentration was 165 
mg/ml (with 11 nmole heme~ per mg protein). The protein was 
suspended in 1.0% sodium cholate. 50 mM potassium phosphate, pH 7.4. 
Myoglobin-imidazole. Sperm whale metmyoglobin was purchased 
from Sigma and was suspended to a protein concentration of 5 mM in 1:1 
(v/v) glycerol/water. 50 mM potassium phosphate. pH 7.4. Imidazole 
was added to a concentration of 40 mM to form metmyoglobin-imidazole. 
Unsubstituted imidazole was purchased from Sigma and crystallized from 
benzene-ethanol. The [ 15 N]imidazole (9~ 15 N at both ring positions) 
was obtained from Stohler Isotopes . 
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his-Imidazole Tetraphenyl Porphyrin. The his-imidazole 
Fe(III)tetraphenyl porphyrin complexes were 3 mM in tetraphenyl 
porphyrin (Strem). 40 mM in imidazole (as above). and were suspended 
in 1:1 CDC13 /CD2Cl2 • 
EPR Spectroscopy 
EPR spectra were recorded on a Varian E-Line Century Series 
X-band spectrometer equipped with an Air Products Heli-Trans low 
temperature controller. Data were collected and stored on a PDP8/A 
(Digital Equipment Corp.) microcomputer interfaced to the 
spectrometer. Instrumental conditions are given in the figures. 
ENDOR Spectroscopy 
ENDOR spectra were recorded at SUNY. Albany. on equipment and. 
except as noted in the figures. under the conditions described 
previously (15,16) and in chapter II of this thesis. 
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RESULTS 
Characterization of Isotopically Substituted Yeast Cytochrome Oxidase 
EPR spectroscopy. The EPR spectra of native (unsubstituted) 
yeast and [1,3- 15 N~]histidine-substituted yeast cytochrome oxidase are 
compared in Fig. 2. The spectra are virtually identical and, in 
particular, show very little high-spin heme or adventitious copper. 
Also indicated in Fig. 2 are the positions of ENDOR observation for 
the cytochrome ~ (g = 2.24) and CuA (g = 2.04) studies. Note that the 
position of ENDOR observation for the cytochrome ~ ENDOR studies is in 
a region of the EPR spectrum in which there should be little or no 
contribution from CuA. 
ENDOR Spectroscopy. The ENDOR spectra observed at g = 2.04 
arise almost completely from the CuA center in cytochrome oxidase. 
The spectra observed at g = 2.04 for native and [ 15 N]His-substituted 
yeast cytochrome oxidase are shown in Fig. 3. As discussed in the 
previous chapter, these data show conclusively that histidine is a 
ligand to CuA. They also serve to demonstrate that 15 N has been 
successfully incorporated into the [ 15 N]His-substituted sample. 
ENDOR Spectral Analysis of Isotopically Substituted Model Compounds 
Before presenting the ENDOR results for cytochrome ~ in 
[ 15 N]His-substituted cytochrome oxidase, it is instructive to compare 
the ENDOR spectra of two his-imidazole porphyrin model compounds 
substituted with [1,3-15 N~]imidazole. Native myoglobin contains a 
five-coordinate ferric heme center, with an endogenous histidyl 
imidazole providing an axial nitrogen ligand and a second axial site 
open to coordination of exogenous ligands. Addition of imidazole to 
metmyoglobin converts the center to a low-spin his-imidazole heme 
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Figure 2 
EPR spectra of native and [ 15 N]His-substituted yeast cytochrome 
oxidase showing both the CuA and cytochrome~ signals. Conditions: 
temperature, 15 K; microwave power, 10 microwatts; field modulation, 
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Figure 3 
ENDOR spectra of CuA (observed at g = 2.04) in (A) native and (B) 
(15N]His-substituted yeast cytochrome oxidase. Conditions: 
temperature, 2.1 K; microwave power, 10 microwatts; microwave 
frequency, (A) 9.03 GHz and (B) 9.08 GHz; field modulation, 4.0 G; 
















iron. This exogenous imidazole ligand can easily be replaced by 
[ 15 N]imidazole to yield a species in which one imidazole nitrogen 
ligand is 15 N and the other is (naturally abundant) 1 •N. Another 
low-spin porphyrin model compound which has been extensively studied 
is bis-imidazole tetraphenyl porphyrin. This complex has been 
prepared with both axial imidazoles containing either (native) 14N or 
(enriched) 15 N at the nitrogen position. 
Myoglobin-imidazole. The ENDOR spectrum of metmyoglobin 
coordinated by exogenous native imidazole is shown in Fig. 4A. The 
ENDOR spectrum was recorded near the middle g-value (g = 2.26) in 
order to obtain optimal signal intensity. Spectra recorded near the 
g-value extrema (not shown), although less well resolved, demonstrate 
that the major signals in this area are reasonably isotropic. The 
spectrum in Fig. 4A contains several overlapping peaks in the low 
frequency region between 1 and 5 MHz. We note that for coupling to a 
single 14N, two ENDOR signals should occur centered at one-half the 
hyperfine frequency and-separated by twice the characteristic 14N 
Zeeman frequency (under these conditions 2 ( 14N) = 1.77 MHz). Since 
14N is an 1=1 nucleus, each of these signals may be further split by 
twice the quadrupolar interaction; however, the quadrupole interaction 
is commonly quite small for low-spin hemes (17). 
The ENDOR spectrum of an analogous species, different only in 
that [ 15 N]imidazole has been added as the exogenous ligand, is shown 
in Fig. 4B. A new signal is observed at 5.66 MHz and must be a result 
of the 15 N substitution in imidazole. Thus, although the 14 N ENDOR 
signals in the spectrum of the native enzyme are difficult to assign 
to individual coordinating atoms, the new signal observed in the 
15 N-substituted sample can be assigned with certainty to an axial 
imidazole nitrogen. Spectra observed at different g-values (not 
shown) indicate that this new interaction is also isotropic in nature. 
From the known 15 N nuclear Zeeman frequency of 1.24 MHz, the Zeeman 
partner for this 15 N signal can be predicted to occur at either 8.15 
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Figure 4 
ENDOR spectra of native and [ 15 N]imidazole-substituted metmyoglobin-
imidazole (observed at g = 2.26). Conditions: temperature, 2.1 K; 
microwave power, 3.2 microwatts; microwave frequency, 9.09 GHz; field 
modulation, 2.0 G; sweep rate, 0.8 MHz/sec; instrumental time 















































or 3.17 MHz. Since no signals were found near 8 MHz in Fig. 4B. we 
conclude that the Zeeman partner for the 15 N signal must occur at 3.17 
MHz, but is obscured by the other signals in this region of the 
spectrum. This assignment yields a 15 N hyperfine interaction of 8.8 
MHz for this axial imidazole nitrogen ligand. 
bis-Imidazole Tetraphenyl Porphyrin. A similar result is seen 
for native and 15 N-substituted bis-imidazole tetraphenyl porphyrin. 
The ENDOR spectra of the native 14N and [ 15 N]imidazole-substituted 
forms are compared in Fig. 5. In the spectrum of the [ 15 N]imidazole-
substituted sample, there is clearly a new signal at approximately 5.6 
MHz attributable to coupling to an imidazole ring 15 N nitrogen. The 
other non-imidazole signals observed between 2 and 5 MHz most likely 
arise from porphyrin ring nitrogens and appear very similar to those 
seen for the bis-imidazole myoglobin samples. 
ENDOR Comparison of Native and Isotopically Substituted Cytochrome a 
The ENDOR spectrum of cytochrome A in native yeast cytochrome 
oxidase is shown in Fig. 6. At this g-value (g = 2.24), the 
cytochrome A contribution to the ENDOR absorption spectrum is 
maximized, whe·reas that from CuA is negligible. The general features 
of the spectrum are quite similar to those of unsubstituted 
myoglobin-imidazole and bis-imidazole tetraphenyl porphyrin. In 
particular there is a collection of unresolved signals in the low 
frequency region between 1 and 5 MHz, presumably arising from 
equatorially coordinated heme ring nitrogens. 
The ENDOR spectra of native and [ 15 N]His-substituted yeast 
, cytochrome oxidase are compared in Fig. 6. Analysis of these spectra 
reveals a signal near 5.6 MHz appearing only in the spectrum of the 
1 5 N-substituted protein. This result is analogous to the results 
observed for the native and 15 N-substituted forms of bis-imidazole 
myoglobin and for bis-imidazole tetraphenyl porphyrin. The presence 
- 109 -
Figure S 
ENDOR spectra of (A) native and (B) [ 15N]imidazole-substituted 
his-imidazole tetraphenyl porphyrin (observed at g = 2.28). 
Conditions: temperature, 2.1 K; microwave power, 3.2 microwatts; 
microwave frequency, (A) 9.13 and (B) 9.17 GHz; field modulation, 















































ENDOR spectra of cytochrome A in (A) native and (B) [ 15 N]His-
substituted yeast cytochrome oxidase (observed at g = 2.24). 
Conditions: temperature, 2.1 K; microwave power, 3.2 microwatts; 
microwave frequency, (A) 9.03 and (B) 9.09 GHz; field modulation, 































of this new signal clearly demonstrates the coordination of at least 
one histidyl imidazole nitrogen to cytochrome A· Moreover, the 
calculated 15 N hyperfine coupling to cytochrome A• assuming a 15 N 
ENDOR partner near 3.1 MHz, is approximately 8.8 MHz - the same as 
that observed in the myoglobin study and quite similar to that 
observed for bis-[ 15 N]imidazole tetraphenyl porphyrin. 
Detailed ENDOR Analysis of Cytochrome A in the Beef Heart Protein 
Due to the large g-value anisotropy in the EPR spectrum of 
cytochrome A• the EPR absorption intensity, and hence the ENDOR signal 
intensity, is an order of magnitude smaller for cytochrome A than for 
CuA. Consequently, it is difficult to obtain spectra with substantial 
signal to noise with the small amounts of yeast protein available. In 
an attempt to resolve some of the signals in the 1-5 MHz region of the 
ENDOR spectrum of cytochrome A• we examined a much larger (about five 
times greater} volume of cytochrome oxidase isolated from beef heart. 
The ENDOR spectrum of cytochrome A from the beef heart protein, shown 
in Fig. 7, is almost identical to that of the native yeast protein, 
although there is slightly better resolution in the former since we 
were able to use a smaller spectrometer time constant. 
One (presumably heme ring} nitrogen coupling can be readily 
assigned in the beef heart spectrum: the signals at 3.3 and 5.0 MHz 
are split by twice the nuclear Zeeman frequency of 14N and correspond 
to a 14N hyperfine coupling of 8.3 MHz. 
An important consideration to note is that the ENDOR enhancement 
effect (18,19} predicts that ENDOR signals from the same Zeeman pair 
will have relative signal intensities proportional to the square of 
their resonant frequencies. In general, this will cause resonances at 
lower ENDOR frequencies to be less intense than their partners at 
higher frequencies. For example, there appears to be a resonance 
centered at about 4.1 MHz in the spectrum of cytochrome A from the 
beef heart protein. Knowing the nuclear Zeeman frequency, we can 
- 114 -
Figure 7 
ENDOR spectrum of cytochrome A in beef heart cytochrome oxidase 
(observed at g = 2.26). Conditions: temperature, 2.1 K; microwave 
power, 3.2 microwatts; microwave frequency, 9.09 GHz; field 
modulation, 2.0 G; sweep rate, 1.6 MHz/sec; instrumental time 
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predict this signal to have a Zeeman partner at either 2.3 or 5.8 MHz. 
The latter solution predicts the new signal at 5.8 MHz to be 
approximately twice as large as the signal seen at 4.1 MHz, whereas 
the former possibility predicts a new partner at 2.3 MHz which is one-
third the size of the signal at 4.1 MHz. Since no signals are 
resolved at either position, we conclude that the Zeeman partner to 
the signal at 4.1 MHz must have a relatively low intensity. This 
leads to the (former) solution in which the Zeeman partner (predicted 
to occur at 2.3 MHz) has an intensity one-third that of the resolved 
transition. This interpretation results in a 14N hyperfine coupling 
of 6.4 MHz for nitrogen ligand. 
The remaining features of the spectrum are not resolved. They 
are most certainly not associated with hyperfine couplings to axial 
histidine nitrogens, and probably arise from couplings to equatorially 
coordinated heme nitrogens. In the absence of isotopic substitution 
data for these signals, we will forego attempts at further assignment 




As discussed in the previous chapter. the coordination 
environment of the metal centers in cytochrome £ oxidase is almost 
certainly the same in both the yeast and beef heart forms of the 
enzyme. The ENDOR results presented here for cytochrome A in native 
cytochrome oxidase from both species are indistinguishable within the 
resolution obtainable. The ability. in the yeast protein. to 
specifically incorporate histidine substituted with 15 N at the two 
imidazole ring nitrogen positions provides an opportunity to directly 
probe the axial coordination at cytochrome A• specifically to 
determine whether histidine is an axial ligand to this heme iron 
center in cytochrome oxidase. 
The finding of an ENDOR resonance in the spectrum of cytochrome A 
in [1.3-15 N~]histidine-substituted yeast cytochrome oxidase which is 
not present in the corresponding spectrum of the native enzyme is 
unambiguous proof that histidine provides at least one axial nitrogen 
ligand to cytochrome A· The strength of the hyperfine interaction for 
this 15 N coupling (A = 8.8 MHz) is identical to the 15 N-coupling 
observed for the 15 N-substituted myoglobin-imidazole complex (in which 
one of two axial imidazole ligands has 15 N replaced in place of the 
naturally abundant 14N nitrogen. The coupling in cytochrome A is also 
very similar to the 15 N coupling observed for bis-[ 15 N]imidazole 
tetraphenyl porphyrin. These comparisons strongly suggest that 
cytochrome A is also his-imidazole in coordination. and so quite 
likely has two axial histidine ligands. 
It is important to point out that the observation of only one new 
resonance in the ENDOR spectrum of [ 15 N]His-substituted cytochrome A• 
relative to that of the unsubstituted center. does not preclude the 
existence of a second histidine ligand to cytochrome A· In fact. the 
corresponding spectra in native and 15 N substituted his-imidazole 
tetraphenyl porphyrin also reveal only one new signal, despite the 
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symmetric substitution of the coordinating isotope. The possibility 
that the resonances of both axial ligands are coincident would reflect 




The incorporation of [ 15 N]His into yeast cytochrome oxidase has 
provided unambiguous proof of the coordination of at least one 
histidine imidazole nitrogen as an axial ligand to cytochrome A· 
The similarity of the 15 N hyperfine coupling reported here for 
[ 15 N]His-substituted cytochrome A to 15 N hyperfine couplings to axial 
imidazoles in two his-imidazole porphyrin model compounds. provides 
strong evidence in support of the conclusion that cytochrome A is 
coordinated by two axial histidine nitrogens. 
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CHAPI'ER IV 
SEQUENCE ANALYSIS AND THE STRUCTURE OF CYTOCHROME OXIDASE 
- 122 -
IN1RODUCI'ION 
The identification of specific amino acid ligands to the metal 
centers in cytochrome £ oxidase not only provides specific information 
on the local environment of each of the active site metals, but also 
can aid in the determination of the location of the these sites within 
the overall protein structure. Armed with the knowledge of ligands to 
three of the metal centers in cytochrome oxidase, we now analyze the 
available protein sequence data in order to gain more insight into the 
overall structure of cytochrome oxidase. 
The primary sequence of a protein contains valuable information 
regarding the tertiary structure of the functional protein. Although 
attempts at determining tertiary structure directly from primary 
sequence have met with little success, sequence information can be 
useful in determining some features of protein structure. An obvious 
example i~ information obtained from evolutionary comparisons of a 
given protein sequence from different species. Knowledge of which 
regions and residues are conserved as a protein sequence evolves from 
species to species can guide an investigator towards a better 
understanding of the relationship between structure and function. In 
general, active site regions are constrained to minor variations (ie., 
amino acid insertions, deletions, and substitutions), whereas regions 
with less specific function are allowed more variability. A knowledge 
of which regions in the primary sequence of a protein have remained 
constant can yield information on probable locations of important 
active sites. 
A second technique which has recently been of some use in 
determining tertiary structure from primary sequence information is 
the analysis of a protein's sequence with respect to amino acid class. 
Amino acids can be grouped into different classes based on common 
chemical or biological properties. One of the first of these schemes 
to be proposed was that of Chou and Fasman (1). This scheme uses 
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empirical correlations between amino acid residue type and protein 
secondary structure (in this case, a-helix, ~-sheet, and random coil 
regions of proteins and polypeptides). For globular proteins, 
particularly smaller ones, this analysis has enjoyed some success 
(2). Recently, Kyte and Doolittle (3) have proposed a technique for 
predicting membrane-spanning regions of integral membrane proteins. 
Based on both empirical correlations and physical properties of the 
amino acids, they have a proposed a "hydropathy" scale to determine 
regions of a primary sequence which display a high degree of 
hydrophobicity. They have further used this scale with a moving-
segment analysis in which a given point in a sequence is assigned a 
hydropathy value based on the average hydropathy value of the 
individual residues in a segment centered at that point. Based on the 
observation that, on average, segments passing through the moderately 
hydrophobic interior of a protein are shorter than segments required 
to span a membrane bilayer, they chose a moving-segment length of 19 
residues. This predictive tool, although certainly not infallible, 
has proven useful in the study of several proteins whose sequence. but 
not tertiary structure, is known. 
In this study we combine the two techniques discussed above. 
Through the analysis of both sequence conservation and amino acid type 
localization, we are able to obtain some useful information on the 
structure of cytochrome oxidase and the possible locat.ions of the 
various active site metals. The primary sequences of the major 
subunits of cytochrome £ oxidase are known for several species of 
eukaryotes. Although some of the species compared in this study are 
separated by wide evolutionary spans and certain segments of their 
cytochrome oxidase protein sequences have diverged substantially, the 
basic biochemical and spectroscopic characteristics of the individual 
proteins have remained constant. 
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METHODS 
The interactive computer program used in this study was written 
in Fortran for use on a Digital Equipment Corp. VAX computer. The 
segmental averaging function is taken directly from the technique 
proposed by Kyte and Doolittle (3). Additional features of this 
program allow averaging of sequence conservation information for any 
number of species. The standard deviation (between species) of the 
average hydropathy parameter can be calculated for the each point in 
the sequence. This measurement of structural conservation can then be 
subjected to segmental averaging in a manner analogous to the 
segmental averaging of the hydropathy parameter. Other predictive 
scales available are the Chou and Fasman a-helix, ~-sheet, and 
random coil parameters (1), and a separate membrane-buried preference 
scale proposed by Argos, et al. (4). This latter scale gives 
qualitatively similar results to those of Kyte and Doolittle. Plots 
may be prepared for output on any standard lineprinter or for output 
using the Versaplot plotting routines with a Versatec plotter. The 
program will also search sequences for exact residue conservation and 
will search for particular amino acid residues. A provision is also 
included for a summary of the properties of each sequence, such as 
total molecular weight, average hydropathy, and the number of 
occurrences of each of the 21 standard amino acid residues. 
Protein sequences can be entered manually or read in from a file, 
using the standard 1- or 3-letter codes. They are then stored in a 
separate file for subsequent use by the program. 
The sequences from different species were aligned manually for 
optimum homology with a minimum of proposed insertions and deletions. 
Where available, the alignments of new species sequences relative to 
the beef heart or human protein sequences were as proposed by the 
original investigators. 
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RESULTS AND DISCUSSION 
Subunit composition 
Cytochrome £oxidase is a large multi-subunit enzyme. It is 
particularly unusual in that the three largest subunits are coded for 
by mitochondrial DNA, whereas the several smaller subunits are coded 
for by nuclear DNA. There has been considerable controversy over the 
exact subunit composition of the enzyme (see Wikstrom (5) for a 
review). The number of different subunits proposed has varied from 
six to as many as twelve, with varying stoichiometries for each of the 
subunits (although there seems general agreement that subunits I, II, 
and III exist as only one copy each per functional monomer). We will 
not attempt to make a judgement of the various proposals regarding the 
identity and composition of the smaller subunits, but will adopt the 
twelve subunit nomenclature presented in Table I, as proposed by 
Kadenbach and Merle (6). The only deviation from their scheme is the 
addition of a subunit which we call Va. The purpose of this chapter 
is to discuss sequence data with respect to possible metal active site 
locations. As will be discussed below, we have good evidence to 
believe that all four metals are located in the mitochondrially 
synthesized subunits I and II. For this reason, discussion will be 
centered on the three major subunits I, II, and III, with only a brief 
analysis of those smaller subunits which have been sequenced. 
Various studies have been conducted to determine the biological 
and spectroscopic requirements for the proposed subunits of cytochrome 
oxidase. Subunits III, VIa, Vlb, and VIla have been removed in 
various studies (ref. S and references therein) with no major effect 
on the spectroscopic and electron transfer properties of the enzyme. 
Perhaps more importantly, a bacterial cytochrome aa3 has been isolated 
from Paracoccus denitrificans which consists of only 2 subunits of 
molecular weights 45,000 and 28,000 daltons, respectively (7). The 
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Table I 
The subunit composition of cytochrome oxidase, based on the 
nomenclature of Kadenbach and Merle (6). Except as noted, the 
molecular weights are predicted from the known primary structures of 
the beef heart subunits. 
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Beef Heart Cytochrome ~ Oxidase 
Subunit Information From Sequence Data 
Subunit Molecular Weight Average 
(dal tons) Hydropathy* 
I 56,789 +0.69 
II 26,021 +0.25 
III 29.918 +0.40 
IV 17,024 -0.53 
v 12,627 -0.61 
Va 10,566 -0.90 
VIa 9,500** 
VIb 10,025 -0.90 
VIc 7,500** 





*Hydropathy parameter from Kyte and Doolittle (3) . 
**Molecular weights determined by SDS-PAGE (6). 
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isolated protein is fully functional in electron transport and shows 
proton pumping activity (8,9). A similar bacterial cytochrome aa3 
isolated from the thermophilic bacterium PS3 also shows proton pumping 
activity (10). Although the protein contains three subunits (with 
molecular weights of 56,000, 38,000, and 21,000 daltons), one of them 
presumably contains the tightly bound cytochrome £ found in the 
complex. These results are consistent with theories that a bacterial 
symbiont was the evolutionary ancestor of eukaryotic mitochondria 
(11). From partial protein sequence data it has been determined that 
subunits I and II from the Paracoccus cytochrome oxidase bear 
substantial sequence homology with subunits I and II, respectively, 
from beef heart cytochrome oxidase. They have also been shown to be 
immunologically cross-reactive with antibodies to the beef heart 
subunits (12). Although it is possible that one or more of the 
smaller eukaryotic subunits might be contained within these two 
bacterial subunits, they not only would have had to dissociate into 
separate genetic regions during the evolution from bacteria to 
mitochondria, but also would have had to migrate from the 
mitochondrial to the nuclear genome, all the while retaining the 
capability of being incorportated into a functional oxidase protein. 
These arguments have been taken to imply that the four metal centers 
in the beef heart protein are contained completely within subunits I 
and II. Presumably, the smaller subunits (and possibly subunit III) 
have been added during evolution from bacterial symbiont to 
mitochondria for regulatory or other functions less intrinsic to 
oxygen reduction and proton pumping. 
Analysis of the subunits coded by nuclear DNA 
Sequence data are available for several of the smaller (nuclear) 
subunits of beef cytochrome oxidase. Figure 1 lists the known 
sequences of subunits IV (13), V (14,15), Va (16), VIb (17), and 
VIla (18). In each case, the amino acid composition of these small 
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Figure 1 
Amino acid sequences from some of the subunits of cytochrome oxidase 
coded for by the nuclear DNA. References are given in the text. 
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Beef Heart Subunit IV Protein Sequence 
I 1 I 21 I 41 I 61 
AHGSVVKSEDYALPSYVDRRDYPLPDVAHVKHLSASQKALXEIEIASWSSLSIDEKVELYRLIFXESFAEMNRST 




Subunit V Protein Sequences 
I 1 I 21 I 41 I 61 
SDAHDEETFEEFTARYEKEFD.EAYDLFEVQRVLNNCFSYDLVPAPAVIEKALRAARRVNDLPTAIRVFEALKYK 
SRGSB.ETDEEFDARWVTYFNKPDIDAWELRKGMNTLVGYDLVPEPKIIDAALRACRRLNDFASAVRILEVVKDK 
I 76 I 96 
VENEDQYKAY.LDELKDVRQELGVPLKEELFPSSS 
AGPBK!IYPYVIQELRPTLNELGISTPEELGLDKV 
Beef Heart Subunit Va Protein Sequence 
I 1 I 21 I 41 I 61 
ASGGGVPTDEEQATGLEREVMLAARKGQDPYHILAPKATSGTIEDPNLVPSITNKRIVGCIQEDNSTVIWFWLHK 
I 76 I 96 
GEAQRCPSCGTHYXLVPHQLAB 
Beef Heart Subunit Vlb Protein Sequence 




Beef Heart Subunit VIla Protein Sequence 
I 1 I 21 I 41 
SHYEEGPGKHIPFSVEHXWRLLAMMTLFFGSGFAAPFFIVRHQLLIK 
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subunits is considerably more hydrophilic than the composition of the 
mitochondrially coded larger subunits. The average hydropathy values 
shown in Table I are all below zero. with all but VIla below -0.5. 
Subunits IV and V are particularly unusual in having about 10% acidic 
Glu residues. From the highly charged and hydrophilic nature of these 
subunits. we conclude that they are not likely buried in the 
hydrophobic membrane interior. 
Analysis of Subunit III 
Subunit III has long been considered smaller than subunit II. but 
the sequence data shown in Fig. 2 predict a molecular weight in the 
beef heart protein of approximately 30,000 daltons for subunit III. as 
compared with only 26,000 daltons for subunit II. The sequences for 
subunit III from beef (19), human (20), mouse (21). Drosophila 
yakuba (fruit fly) (22). Aspergillus nidulans (a fungus) (23). 
Saccharomyces cerevisiae (yeast) (24). and Neurospora crassa 
(25) show that subunit III. like subunit I. has a fairly high average 
hydropathy parameter. ranging from 0.40 to 0.70 units. The moving 
segment hydropathy analysis shown in Fig. 3 reveals several hydro-
phobic regions. Using a moving segment length of 19 residues 
(sufficient to span the bilayer as an a-helix) three membrane 
spanning segments are found to have average segmental hydropathy 
values greater than +1.6. This hydropathy value is sufficient to 
confer a "high probability" of membrane spanning capability according 
to the empirical findings of Kyte and Doolittle (3). As many as 
three or four more segments have hydropathy parameters above +1.0. 
The plot in Fig. 3 also shows the standard deviation in the 
hydropathy parameter of the various sequences. averaged in a 
moving-segment fashion analogous to that used for the hydropathy. A 
correlation that appears clear is that regions of relatively high 
sequence divergence tend to coincide with regions of greater 
hydrophilicity. that is. regions predicted to be at turning points of 
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Figure 2 
Amino acid sequences of subunit III from various eukaryotic organisms. 









Subunit III Protein Sequences 
I 1 I 21 I 41 I 61 
MTHQT •••••• HAYHMVNPSPWPLTGALSALLMTSGLTMWFH.FNSMTLLMIGLTTNMLT.MYQWWRDVIRESTF 
MTH~S •••••• HAYHHVKPSPWPLTGALSALLMTSGLAMWFH.FHSMTLLMLGLLTNTLT.MYQWWRDVTRESTY 
MTH T •••••• HAYHMVNPSPWPLTGAFSALLLTSGLVMWFH.YNSITLLTLGLLTNILT.MYQWWRDVIREGTY 






























Moving-segment hydropathy analysis of subunit III, averaged over the 
sequences of the organisms indicated and using a segment length of 19 
residues. The lower curve represents the standard deviation of the 
moving-segment average at each residue with respect to evolutionary 
conservation among the indicated species. 
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HYDROPATHY INDEX OF KYTE AND DOOLITTLE 
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the helices and therefore exposed to the aqueous layer. This might be 
expected since regions interior to the protein will likely contain 
more specific residue-residue interactions than regions exposed to the 
external aqueous phase and so are expected to be more sensitive to 
residue changes. It appears reasonable to predict that several of 
these segments are within the lipid bilayer. 
The function of subunit III is difficult to ascertain. Although 
it seems likely to be associated at least partly with the lipid 
bilayer, it appears to be unnecessary for the electron transfer 
function of cytochrome oxidase (26). It has been reported that 
preparations of cytochrome oxidase depleted of subunit III lack proton 
pumping activity (27), and therefore that subunit III may contain a 
proton channel necessary for proton pumping. However, studies of the 
bacterial (two subunit) protein, which presumably lacks this subunit, 
demonstrate that is able to pump protons across the bacterial cell 
wall in which it resides (8-10). Subunit III may play some role in 
the regulation of cytochrome oxidase activity or in the determination 
of the structure and organization of the mitochondrial membrane and 
the other proteins in the electron transport chain. 
Analysis of Subunit I 
Subunit I is the largest of the subunits and also the most 
hydrophobic. The hydropathy value averaged over the entire subunit 
ranges from 0.68 for the human subunit to 0.80 for the subunit 
isolated from yeast (note that individual values in the Kyte and 
Doolittle hydropathy scale range from -4.5 for very hydrophilic 
residues to +4.5 for very hydrophobic ones). On this basis subunit I 
is similar in hydropathy to the known membrane spanning proteins 
bacteriorhodopsin and cytochrome b5 (see these and other comparisons 
in ref. 3). The subunit I sequence is composed of over 50% non-polar 
(28) amino acids and contains only 10% charged residues. From these 
data we feel it is quite likely that a major portion of this subunit 
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lies within the lipid bilayer. 
The aligned sequences for subunit I from six different species 
are compared in Fig. 4. They are the predicted protein sequences from 
the known gene sequences of subunit I from beef (19), human (20), 
mouse (21), Drosophila yakuba (fruit fly) (29), Saccharomyces 
cerevisiae (yeast) (24), and Neurospora crassa (30). With 
respect to the metal ligand identifications discussed in previous 
chapters, it is interesting to note that ten His residues are 
rigorously conserved in all the sequences for subunit I, but that no 
Cys residues are conserved (in fact, the sequence from Drosophila 
contains no Cys residues at all). 
The moving-segment hydropathy analysis presented in Fig. 5 
reveals a pronounced partitioning of the hydrophobic character of the 
primary sequence. Using a moving segment length of 19 residues, we 
note nine non-overlapping stretches with an average hydropathy greater 
than +1.6. Four other stretches are found with pronounced, but 
slightly less, hydrophobic character. 
The ENDOR studies of isotopically substituted cytochrome oxidase 
presented in the previous chapters have proven the coordination of at 
least one Cys ligand to CuA and at least one His ligand to each of CuA 
and cytochrome ~· A recent EPR study of isotopically substituted 
cytochrome oxidase has also proven the coordination of one His ligand 
to cytochrome ~3 (31). Although no specific information regarding 
the ligands to CuB is available, three different nitrogen hyperfine 
couplings have been reported for this site (32). Histidine is a 
common ligand in copper metalloproteins, and so it is likely that at 
least one of these couplings is due to a histidyl imidazole nitrogen. 
It is inconceivable that the cysteine ligand to CuA is located in 
subunit I, since no Cys residues are conserved between the sequences 
of the subunit from beef and yeast even though very similar Cys 
~-proton couplings have been measured in the EPR spectra of CuA from 
both species. There are, however, several possible candidates for 
active site histidine ligands in this subunit. These rigorously 
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Figure 4 
Amino acid sequences of subunit I from various eukaryotic organisms. 
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Moving-segment hydropathy analysis of subunit I, averaged over the 
sequences of the organisms indicated and using a segment length of 19 
residues. The lower curve represents the standard deviation of the 
moving-segment average at each residue with respect to evolutionary 
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conserved histidines are indicated in Fig. 5 by vertical arrows. Some 
qualitative assessments may be made regarding the suitability of these 
conserved residues as ligands to the metal centers in the protein. For 
example, His-68 and His-145 are near regions of quite high sequence 
divergence and so are unlikely to be ligands to active site metal 
centers. The metal centers in cytochrome oxidase have remained 
inaccessible to water-soluble labeling reagents and so are probably 
buried within the protein interior. Consequently, metal ligands are 
not expected to be in regions showing large hydrophilic character (low 
hydropathy values). Furthermore, amino acid ligands to the heme irons 
will have some neighboring residues in close proximity to the 
hydrophobic porphyrin surface and so are expected to be nonpolar. 
These considerations lead us to exclude His-436 and, to a lesser 
extent, His-297 and His-298 as possible metal ligand candidates. Of 
particular interest are His-240 and His-247 which are located in a 
region of moderate hydrophobicity. This region is also one of the 
most highly conserved regions of the protein. Not only does the plot 
of segmental hydropathy conservation show a very low value for the 
average standard deviation of this segment, but examination of the 
sequences in Fig. 4 shows that, in a 25 residue region surrounding 
these histidines, more than 90% of the residues are rigorously 
conserved between the 6 species. This observation provides good 
reason to suspect that at least one of these two histidine residues 
may be a metal ligand. 
Analysis of Subunit II 
Subunit II is less hydrophobic than subunit I and is also less 
evolutionarily conserved. Its average hydropathy values among the 
known species range from 0.11 to 0.46, placing it above the average 
value from a selection of water-soluble proteins (-0.4), but below the 
unusually high values for subunit I and other membrane spanning 
proteins (3). 
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The amino acid sequences of subunit II from beef (19,33), human 
(20), mouse (21), Drosophila yakuba (29), Zea mays (corn) 
(34), Saccharomyces cerevisiae (yeast) (24), and Neurospora 
crassa (35) are compared in Fig. 6. The fungi Saccharomyces and 
Neurospora have slightly larger predicted sequences due to the 
presence of exons in their gene sequences. Subunit II is unique among 
the major subunits of cytochrome oxidase in that two Cys residues are 
rigorously conserved in all organisms sequenced to date. These two 
cysteines are separated in the sequence by only three residues and are 
located in a highly conserved region. This region also contains a 
conserved histidine within three residues of one of the cysteines. 
Only two other histidines are conserved in this subunit, indicating 
that subunit II is almost certainly not the only metal-binding 
subunit; as discussed above, a minimum of three His residues (and 
likely more) are ligands to metals in the protein. 
The moving-segment average hydropathy analysis of subunit II is 
shown in Fig. 7. Two potential membrane spanning segments are obvious 
from this plot. The maximum average hydropathy of each is well above 
the membrane-preference cutoff value of +1.6. Chemical labeling 
experiments confirm that subunit II is exposed to the cytoplasmic 
(aqueous) phase and also to the membrane interior (36-38). The bulk 
of the sequence, however, shows no clear preference for the 
hydrophobic bilayer, suggesting that a large amount of subunit II may 
lie within the globular protein region known to extend above the 
bilayer on the cytoplasmic side of the mitochondrial membrane 
(39-40). It is within this segment of the primary sequence that the 
two conserved Cys residues are located. A result which supports this 
conclusion is the chemical labeling of Glu-228 by a large water-
soluble carbodiimide (41). This residue is located directly between 
Cys-226 and Cys-230 implying that these residues must be near the 
surface of the protein. This raises interesting possibilities 
regarding the location of CuA relative to the membrane bilayer. If 
CuA is the proton pump of cytochrome oxidase and it is located on the 
- 144 -
Figure 6 
Amino acid sequences of subunit II from various eukaryotic organisms. 







Subunit II Protein Sequences 
Yeast 
Neurospora 
I 1 I 21 I 41 I 61 
•••••••••••••••••. MAYPMQLGFQDATSPIMEELLHFHDHTLMIVFLISS ••.•• LVLYIISLMLTTKLTH 
•••••••••••••••••• MAHAAQVGLQDATSPIMEELITFHDHALMIIFLICF ••••• LVLYALFLTLTTKLTN 
•••••••••••••••••• MAYPFQLGLQDATSPIMEELMNFHDHTLMIVFLISS ••••• LVLYIISLMLTTKLTH 
••••••••••••••••••MSTWANLGLQDSASPLMEQLIFFHDHALLILVMITV .•••• LVGYLMFMLFFNNYVN 
••.••••••••.••.••. AAEPWQLGSQDAATPMMQCIIDLHHDIFFFLILILVFVSRMLVRALWHFNEQTNPIP 
MLDLLRLQLTTFIMN.D.VPTPYACYFQDSATPNQ~GILELHDNIMFYLLVILGLVSWMLYTIVITYS .• KNPIA 
•••• MGLLFNNNLIMNFDAPSPWGIYFQDSATPQMEGLVELBDNIMYYLVVILFVVGWILLSIIRNYISTKSPIS 
I 7 6 I 96 1116 113 6 
TS.TMDAQEVETIWTILPAIILILIALPSLRILYMMDEIN.NPSLTVKTMGHQWYWSYEYTDYEDLS ••••• FDS 
TN.ISDAQE~lETVWTILPAIILVLIALPSLRILYMTDEVN.DPSLTIKSIGHQWYWTYEYTDYGGLI ••••• FNS 
TS.TMDAQEVETTWTILPAVILIMIALPSLRILYMMDEIN.NPVLTVKTMGHQWYWSYEYTDYEDLC ••••• FDS 














SEI SNBSFMPIVLELVPLKYFEKWSASML ••••• 
SEI ANHSFMPIVLELIPLKIFEMGPVFTL •••.• 
SEI SNHSFMPIVLEMVPLKYFENWSA.I •.•••• SEI~C ANHSFMPIVIESVPVNYFIKWISSNNS •••• 
SEIC TNHAFTPIVVEAVTLKDYADWVSNQLILQTN 
SEL TGHANMPIKIEAVSLPKFLEWLNEQ •.•••• 
SEI ILBSSMPIVIESVSLEKFLTWLEEQ •••••• 
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Figure 7 
Moving-segment hydropathy analysis of subunit II, averaged over the 
sequences of the organisms indicated and using a segment length of 19 
residues. The lower curve represents the standard deviation of the 
moving-segment average at each residue with respect to evolutionary 
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cytoplasmic side of the membrane, a proton pumping mechanism must 
exist which allows for its location on the cytoplasmic side of the 
inner mitochondrial membrane. 
- 149 -
A MODEL FOR CuA COORDINATION IN SUBUNIT II 
The preceding discussion argues quite strongly that the cysteine 
ligand(s) to CuA are located in subunit II and. in fact. are Cys-226 
and/or Cys-230. Based on this conclusion. we present a model for a 
possible mode of coordination at the CuA site which is consistent with 
the molecular orbital model proposed in Chapter III of this thesis. 
The main feature of the molecular orbital model is the coordination of 
copper by two cysteine sulfur ligands which are close enough to each 
other to form a partial bond between them. However. it is important 
that the two cysteine ligands not be able to approach too closely. as 
copper can be an efficient catalyst of the oxidation of cysteine to 
cystine (42). If the protein constrains the sulfur atoms to remain 
at a distance which is long relative to that of a stable disulfide 
bond. the complete conversion to cystine might be inhibited. We have 
noted that Cys-226 and Cys-230 are located four residues apart in the 
sequence. For a polypeptide folded into an a-helix. residues 
separated by this distance in the primary sequence occur adjacent to 
one another on the same face of the helix. 
The CPK model illustrated in Fig. 8 shows a possible arrangement 
of two cysteine residues four amino acid residues apart on an 
a-helix. The utility of such a model is that it allows one to put 
upper and lower limits on the distance attainable between the two 
cysteine sulfurs. From this model. we estimate that the closest 
center-to-center distance available to these two sulfur atoms is 
approximately 3 1. As discussed in Chapter III. this distance is too 
large for stable disulfide bond formation. since the disulfide bond 
length in cystine is 2.04 1 (43); however. this distance is probably 
close enough to allow a weak overlap of the sulfur atomic orbitals 
from different sulfur atoms as proposed in Chapter III. 
Several consequences of this model for the protein coordination 
of CuA are immediately apparent. As mentioned in the previous 
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Figure 8 
A model for cysteine coordination in the CuA site of cytochrome 
oxidase. ~wo cysteine residues, separated by three residues in the 
protein primary sequence, align almost above one another in an 
a-helical secondary structure~ as shown in this CPK model. 
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section, a glutamic acid residue, Glu-228, has been shown to be 
labeled by a water-soluble carbodiimide (41). The helical model for 
CuA coordination places Glu-228 at the extreme opposite face of the 
a-helix relative to the copper binding site. This result explains 
how the two cysteine residues can both be coordinated to a well-buried 
copper site, while a residue between them appears to be exposed to the 
aqueous phase at the surface of the protein. The structure shown in 
Fig. 8, places the CuA center approximately 10 1 from the carboxyl 
group of Glu-228, and, presumably, from the surface of the protein. 
A second consequence of this structure is that a rigorously 
conserved histidine residue, His-234, is predicted to lie on the same 
face of the a-helix as the copper site, directly adjacent to one of 
the sulfur ligands to the copper. This result and the fact that 
His-234 is conserved in all known sequences of subunit II, may 
indicate an important role for this aromatic group in the transfer of 
electrons and/or protons into or out of the CuA site. 
A third consequence of this structure, and of the model for the 
electronic structure of the CuA site proposed in Chapter II, concerns 
the rigidity of the CuA coordination, in particular the rotational 
mobility of the cysteine sulfur ligands. The model for the electronic 
structure of oxidized CuA predicts some bonding character directly 
between the two sulfur atoms. For the optimization of this inter-
action, the two cysteine sulfur atoms must be able to approach as 
close as possible. As discussed above, the helix model for CuA 
coordination allows a closest approach of approximately 3 1. To 
attain this minimal separation, however, the amino acid side chains 
must orient in a specific fashion. Significant rotation of the 
cysteine side chains about the a- or ~-carbons would likely disrupt 
this interaction considerably. However, in the reduced CuA site, 
any bonding interaction between the sulfur atomic orbitals will be 
abolished and so this restriction will be lifted somewhat (presumably 
the interaction with copper will remain strong). This predicts that, 
in the reduced protein, the cysteine ligands to CuA may be able to 
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rotate somewhat to facilitate the donation of an electron to a nearby 
acceptor. or to allow the protonation of one of the cysteine sulfurs 
in an intermediate step of proton pumping. 
Finally. we note that this proposed structure for the amino 
acid coordination structure of CuA places some restrictions on the 
placement of CuA with respect to the plane of the mitochondrial 
membrane. As mentioned above. the CuA site is expected to be 
approximately 10 1 from the surface of the protein and therefore 
cannot be buried very deeply within the lipid bilayer. As suggested 
in the previous section. CuA may well be located in the large section 
of the protein which extends above the lipid bilayer (40). This 
location would also place restrictions on the position of the oxygen 
binding site relative to the membrane surface. Although it may 
certainly be located below the surface of the membrane. the oxygen 
binding site is probably not located 40 1 from CuA at the extreme 
opposite surface of the bilayer. This positioning of the active site 
metals in cytochrome oxidase would require the existence of a proton 
channel which allows protons to be taken up from the matrix space to 
be consumed in the reduction of oxygen. The same channel. or a 
similar one. may also extend to CuA to provide protons to be pumped 
across the membrane. 
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CONCLUSION 
The availability of protein sequence information for cytochrome 
oxidase from a large variety of organisms provides valuable 
information on the probable location of the active site metal centers 
in relation to the protein primary structure. In this respect. the 
identification of cysteine ligands to CuA• combined with the result 
that only two cysteine residues are evolutionarily conserved in the 
major subunits of cytochrome oxidase, provides convincing evidence 
that these two residues in subunit II provide the cysteine sulfur 
ligands to CuA. From the total number of conserved histidine residues 
in subunit II, and the predicted number of histidines involved in the 
coordination of the four metal centers in the protein, it can be 
concluded that some of the ligands to the four metal centers in the 
protein must come from other subunit(s) as well. The highly conserved 
nature of subunit I makes it a likely candidate to provide such 
ligands. 
The amino acid composition of subunit I is quite hydrophobic on 
average. The moving-segment hydropathy analysis. combined with 
analysis of evolutionary sequence conservation, has provided some 
predictions of specific regions of the protein that might have 
particular functional significance. This analysis reveals that 
subunit I may contain numerous membrane-spanning a-helical regions. 
Assuming that these helices will align approximately perpendicular to 
the plane of the membrane and noting that the hemes in cytochrome 
oxidase have been shown to be oriented with the normal to the heme 
plane in the plane of the bilayer (44.45). it is tempting to suggest 
that one or both of the hemes in cytochrome oxidase may lie between 
two (or more) aligned a-helices within the lipid bilayer. 
Finally, based on the assignment of specific cysteine residues as 
ligands to CuA• we have proposed a model for the CuA site in which the 
two cysteine residues are spatially adjacent on the face of an 
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a-helix. The physical restrictions placed on the closest approach of 
the two sulfur atoms explains the unusual resistance to oxidative 
crosslinking of two thiolate ligands coordinated to Cu(II), and is in 
complete agreement with the model for the electronic structure of CuA 
proposed in Chapter II. The helix containing this proposed copper 
binding site would presumably not be deeply buried within the 
bilayer, as evidenced by the solution reactivity of a nearby carboxyl 
group; however, the copper binding site could lie at least 10 1 from 
the surface of the protein. Electron transfer to and from copper may 
occur across the helix, or it may occur via a conserved histidine 
group located directly above the proposed copper binding site. 
These proposals for the coordination structure of the metals in 
cytochrome oxidase, although somewhat speculative, provide an 
interesting framework from which to design future experiments aimed at 
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We have combined the unique capabilities of electron nuclear 
double resonance (ENDOR) spectroscopy and the direct incorporation of 
isotopically substituted amino acids into the yeast protein to 
identify ligands to the two low-potential metal centers in 
cytochrome £oxidase. The results prove conclusively that 
cytochrome A has at least one histidine ring nitrogen coordinated 
axially with respect to the heme plane. Comparison of the ENDOR 
spectrum of the isotopically substituted protein with those of 
appropriate model compounds provides strong evidence for a second 
axial nitrogen ligand from a second histidine ligand, resulting in a 
his-imidazole heme A coordination structure for cytochrome A· 
Isotopic substitution studies directed at the CuA center solidly 
identify at least one histidine and one cysteine as ligands to the 
copper, and the resolution of a third strongly coupled cysteine 
methylene proton provides strong evidence for two cysteine sulfur 
ligands to CuA. The coordination of oxidized copper by two thiolate 
sulfurs would make CuA unique among known metalloproteins, and may 
well explain its unusual spectroscopic properties. 
We have proposed a model for the physical and electronic 
structure of the oxidized CuA site which successfully explains these 
spectroscopic properties. The unique feature of this model is the 
delocalization of a substantial amount of electron density out of an 
antibonding orbital between two coordinating sulfur atoms and into a 
half-empty 3d orbital on copper. This results in a system with a 
significant amount of Cu(I)-sulfur radical character; in this respect 
it is similar to previous models which involve localization of 
unpaired spin density on a single sulfur ligand to copper (1,2). 
The assignment of Cu(l) character to the oxidized center is consistent 
with the X-ray edge absorption data for the oxidized and reduced forms 
of CuA (3). The delocalization of unpaired spin onto sulfur explains 
the unusual nature of the EPR spectral features, in particular the 
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small and isotropic copper hyperfine interaction (4) and the finding 
of a g-value less than that of the free electron (5). Finally, the 
electronic structure predicted by this model explains the unusually 
intense features of the MCD spectrum of oxidized CuA (6). 
Armed with the identification of ligands to several of the metal 
centers in cytochrome oxidase, we have examined the amino acid 
composition and evolutionary divergence of the sequences of cytochrome 
oxidase subunits from a wide variety of organisms in an attempt to 
gain insight into the overall structure of the protein. In 
particular, we present a strong argument for the localization of CuA 
in subunit II, and identify the specific cysteine residues involved in 
coordination of the copper. From this perspective, we propose a model 
for the coordination of CuA in which the two cysteine ligands are 
located adjacent to one another on the face of an a-helix within the 
protein. This model for the protein coordination of CuA is shown to 
be consistent with the model for the physical and electronic structure 
of CuA derived from spectroscopic considerations. 
The incorporation of isotopically substituted amino acids into 
yeast cytochrome oxidase is a powerful tool for the determination of 
the coordination environment of the metal centers in the protein. 
In this and previous work, ligands to three of the four metal centers 
in cytochrome oxidase have been identified. Studies using the samples 
prepared here to identify ligands to ligands to the remaining metal 
center, CuB, are currently in progress. These structural assignments 
are essential to the determination of the overall structure of the 
protein and to a more complete understanding of the mechanisms of 
electron transfer, oxygen reduction, and proton pumping by this 
important respiratory enzyme. 
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